'AD  66 1243 


NWC  TP  4431 


AN  INVESTIGATION  OF  THE  EFFECT  OF  ENVIRONMENTAL 
GASES  AND  PRESSURE  ON  THE  IGNITION 
OF  SOLID  ROCKET  PROPELLANTS 

by 

J.  D.  Hightower 
Research  Departmen t 


_  BSTRACT .  An  investigation  was  made  of  the  effect  of  environmental 
:*».  gases  and  pressures  on  the  ignition  of  an  ammonium  perchlorate  propel¬ 
lant.  In  addition,  ignition  studies  were  conducted  on  the  individual 
propellant  ingredients.  Environmental  gases  used  were  air,  oxygen, 
nitrogen,  methane  and  helium.  Pressures  were  15,  45,  and  100  psia. 
Tests  were  run  in  oxygen  on  an  inert  mixture  of  the  propellant  binder 
and  glass  beads  and  on  pressed  ammonium  perchlorate  in  methane.  Igni¬ 
tion  was  initiated  by  radiant  energy  flux  densities  over  the  range  of 
6.5  to  120  cal/cm2  sec  in  an  arc-image  furnace  utilizing  a  2,500  watt 
xenon  source.  The  results  indicate  that  the  major  exothermic  reaction 
responsible  for  rapid  convergence  to  steady  state  deflagration  occurs 
in  the  gas  phase  immediately  adjacent  to  the  propellant  surface. 

The  shortest  ignition  times  were  obtained  with  oxygen  as  the  en¬ 
vironmental  gas.  The  ignition  times  of  both  propellant  and  inert  for¬ 
mulation  were  the  same  in  this  environment.  Ignition  times  of  the 
propellant  in  nitrogen  were  longer  than  in  oxygen  but  approximately 
the  same  as  the  ignition  time  of  pressed  pellets  in  methane.  The  ig¬ 
nition  times  of  the  propellant  in  inert  atmosphere  was  found  to  in¬ 
crease  with  decreasing  molecular  weight  of  the  environmental  gas.  At 
the  higher  flux  densities  the  ignition  time  was  found  to  be  dependent 
on  the  environmental  pressure  with  ignition  times  increasing  with  de¬ 
creasing  pressure.  These  results  have  been  discussed  in  terms  of  a 
simple  ignition  model  with  (a)  no  chemical  heating,  (b)  chemical  heat¬ 
ing  in  the  condensed  phase  and  (c)  chemical  heating  in  the  gas  phase. 


/mt 

W 


I  NAVAL  WEAPONS  CENTER 

E  CHINA  LAKE,  CALIFORNIA  *  OCTOBER  1967  -  v~  .  .  . 

f  >_t  i  V  f 


DISTRIBUTION  STATEMENT 

THIS  DOCUMENT  HAS  BEEN  APPROVED  FOR  PUBLIC 
RELEASE  ANO  SALE;  ITS  DISTRIBUTION  IS  UNLIMITED. 


(.  i  {  A  A  I  N  ' '  M  O  L  f 


15 196® 

IJllbcjlblj  u  iA.C, 

D 

/»i> 


<!K  far 


crni 

W 


WIFIMTWL 


MHSOTMI 
HffWlMQ 

O 


ar 


“"""•"•“SHWg 


**■  |  *'<«.  •(<«#*#), 
/ 


NAV AL  WEAPONS  CENTER 

AN  ACTIVITY  OF  THE  NAVAL  MATERIAL  COMMAND 


tpcrldge,  CftpC.USN . . . Commond»r 

Ison . . . .  Tachnicol  Director  (Acting) 


FOREWORD 


This  report  is  a  facsimile  of  the  Master  of  Science  thesis  en¬ 
titled  "An  Investigation  of  the  Effect  of  Environmental  Gases  and 
Pressure  on  the  Ignition  of  Solid  Rocket  Propellants"  prepared  by 
J.  D.  Hightower  for  the  University  of  California,  Los  Angeles,  Califor¬ 
nia.  This  program  was  sponsored  by  the  Naval  Ordnance  Systems  Command. 

This  report  is  transmitted  for  information  only.  It  does  not  repre¬ 
sent  the  official  view  or  final  judgment  of  the  Naval  Weapons  Center. 

Released  by 

HUGH  W.  HUNTER,  Head  Under  authority  of 

Research  Department  H.  C.  WILSON 

5  October  1967  Technical  Director  (Acting) 


NWC  Technical  Publication  4431 


Published  by . 

Collation  .  * . Cover,  53  leaves 

First  printing . 

Security  classification  . 


....  Research  Department 
DD  Form  1473,  abstract  cards 
.  .  .  255  unnumbered  copies 


UNCLASSIFIED 


NWC  TP  4431 


TABLE  OF  CONTENTS 

Nomenclature . . . *  .  •  «  v, 

List  of  Figures . vli 

List  of  Tables  . . . . lx 

Acknowledgements . .  . . . 

Abstract . xl 

Chapter 

1.  Introduction  .  1 

2.  Ignition  Theories.  ......  .  4 

3.  Description  of  the  Experiment. . 9 

4.  Experimental  Results  and  Discussion . 16 

5.  Summary  of  Results  and  Conclusions . 38 

6.  Recommendations  for  Future  Work . 40 

Bibliography . . . 42 

Appendix 

A.  Experimental  Details  ........  .  49 

B.  Chamber  Flow  Velocities.  ..........  .  .  89 

C.  Surface  Heat  Transfer  Coefficients  .  91 

D.  Tables  of  Data 


93 


NWC  TP, 4431 


LIST  OF  FIGURES 


Wgut«  Page 

1.  Schematic  Drawing  of  Arc-Image  Furnace  .  .  .  12 

2.  Sketch  of.  Representative  Ignition  Trace*  ..........  14 

3.  Ignition  Data  for  A-87  Propellant  in  Oxygen,  Nitrogen, 

Methane  and  Helium  at  45  psia . 17 

A.  Typical  Correlation  of  Calculated  Surface  Temperature 

Rise  as  a  Function  of  q2t  and  q.  ...  .  ......  20 

5. :  Constant  Surface  Temperature  Solutions  and  Limiting 

1  Asymptote . 21 

6.  Ignition  Data  for  A-87  Propellant  in  Air  .  . . 25 

7o  Ignition  Data  for  A-87  Propellant  in  Oxygen.  . . 26 

8.  Effect  of  Varying  Oxygen  Concentration  on  the  Ignition 

of  A-87  Propellant  .  .  ,  .  „  .  .  . . .  27 

9.  Ignition  Data  for  A-87  Propellant  in  Nitrogen . 29 

10.  Ignition  Data  for  A-87  Propellant  in  Methane  ........  30 

11.  Ignition  Data  for  A-87  Propellant  in  Helium. . 31 

12.  Ignition  Data  for  Dummy  Propellant  in  Oxygen  and  Ignition 

Data  for  A-87  Propellant  in  Oxygen  and  Nitrogen . 33 


13.  Ignition  Data  for  Pressed  AP  Pellets  in  Methane  and 

Ignition  Data  for  A-87  Propellant  in  Nitrogen  at  *.5  psia  .  .  35 


14.  Overall  View  of  Arc-Image  Furnace  Facility  ..  o  ......  51 

15.  Furnace  Lamphouse  Details . . . .  53 

16.  Spectral  Distribution  of  2500  Watt  Xenon  Lamp . 54 

17.  Lamp  Current  -  Flux  Density  Relationship . 56 

18.  Xenon  Lamp  Warmup  Characteristics . .  57 

19.  Photographs  of  Ignition  Chamber,  Sample  Holder  and 

Radiometer  .  . . . . .  .  59 

20.  Flux  Density  Profiles  at  Che  Sample  Position . .  .  66 

21.  Photograph  of  Attenuation  Screen  .  .....  69 

iv 


NWC  TP  4431 


i 


Figure  Page 

22.  Flux  Density  Attenuation  Curve . 70 

23.  Spectral  Response  of  Photodiode  Detector . 71 

24.  Sketch  of  Photodiode  Location  and  Look  Angel.  .......  72 


25.  Oscilloscope  Records  of  A-87  Propellant  Ignition  Runs  ...  75 

26.  Oscilloscope  Records  of  Dummy  Propellant  Ignition  and 


Pyrolysis . 79 

27.  Photograph  of  Shutter  Assembly . 82 

28.  Ammonium  Perchlorate  Particle  Size  Distribution  .  84 

29.  Photograph  of  Caa  Supply  Area  .........  .  86 

30.  Schematic  of  Caa  Flow  Syatem.  . 88 


1 

k 


f 


) 

I 


v 


l* 


NWC  TP  4431 


LIST  OP  TABLES 

Table  Page 

1<  Flow  Velocity  Past  the  Sample  Surface . 90 

2.  Calculated  Heat  Transfer  Coefficienta  ....  .  92 

3.  Ignition  Data  for  A-87  Propellant  . 94 

4.  Ignition  Data  for  Dummy  Propellant  in  Oxygen  at  100  psla.  .  .  95 

5.  Ignition  Data  for  Ammonium  Perchlorate  Pressed  Pellete 

in  Methane  at  45  pela . . . 96 


O 


vi 

-------  - — -  ■- 


NWCTP4431 


NOMENCLATURE 

Symbol 

Definition 

Units 

B 

Preexponential  factor 

cal/cm3  sec 

c 

Specific  heat 

cal/gm  °C 

CR 

Rotameter  orifice  coefficient 

dimensionless 

°f 

Rotameter  float  diameter 

inches 

E 

Chemical  activation  energy 

cal/mole 

h 

cx 

Local  convective  heat  transfer  coefficient 

BTU/hr  ft2oF, 
cal/cm2  sec  °C 

k 

Thermal  conductivity 

cal/cm  sec  °K 

Pr 

Prandtl  number 

dimensionless 

• 

q 

Incident  flux  density 

cal/cm2  sec 

• 

Q 

Volumetric  flow  rat* 

ml/min 

R 

Gas  constant  1.987 

cal/mole  °K 

R 

Rotameter  diameter  ratio 

dimensionless 

Re 

Reynolds  number 

dimensionless 

C 

Time 

sec,  msec 

Ti 

Ignition  time 

sec,  msec 

T 

s 

Surface  temperature 

°K 

T 

o 

Initial  temperature 

°K 

Wf 

Weight  of  rotameter  float 

g* 

X 

Space-distance  variable 

in,  cm 

a 

pc  »  thermal  diffusivity 

cm2/sec 
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Symbol 


>* 


P 


T-T 

o 

Absolute  viscosity 
Numerical  constant  (3.14159) 
density 


°K 

gm/cm  sec 

dimensionless 

gm/cc 
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INTRODUCTION 

The  successful  operation  of  a  solid  propellant  rocket  encom- 
passes  a  broad  spectrum  of  scientific  and  engineering  disiplines  rang- 
ing  from  the  fundamental  laws  of  motion  to  the  extreme  complexities  of 
solid  propellant  combustion  processes.  The  rocket  performance,,  per  se, 
is  initiated  with  the  ignition  transient  which  includes  the  thermal 
ignition  of  the  propellant  surface  in  the  vicinity  of  the  Igniter, 
flume  spreading  over  the  entire  exposed  surface  area,  and  the  chamber 
filling  and  pressure  rise  which  leads  to  the  final  steady  state  motor 
operating  conditions.  In  the  early  days  of  modern  rocketry  little 
attention  was  given  to  fundamental  mechanisms  of  propellant  ignition. 
Instead,  rules  of  thumb  and  empirical  correlations  were  used  which  led 
to  the  development  of  the  "art"  of  ignition  system  design. 

Even  now  the  design  of  ignition  systems  is  largely  empirical  and 
design  progress  has  kept  pace  with  new  propulsion  concepts  and  demands 
through  extensive  igniter  development  programs.  The  demands  of  space 
age  requirements  for  larger,  more  advanced  propulsive  systems,  often 
employing  exotic  fuels  and  operating  under  adverse  environmental  con¬ 
ditions,  have  made  it  imperative  to  predict  motor  ignition  behavior 
with  a  minimum  of  expensive  testing.  This  in  turn  has  made  it  neces¬ 
sary  to  study  the  basic  mechanisms  that  control  the  solid  propellant 
ignition  processes.  The  general  goal  of  such  work  is  to  evolve  a  body 
of  knowledge  which  will  enable  rational  design  of  ignition  systems. 
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Considerable  work  in  recent  years  has  been  devoted  to  the  study 
of  solid  propellant  ignition  processes  and  various  theories  have  been 
advanced  to  explain  observed  ignition  behavior.  Briefly,  it  has  been 
variously  proposed  that  the  controlling  mechanisms  in  the  ignition 
transient  leading  to  steady  state  deflagration  occur  in  the  condensed 
phase,  in  the  gas  phase,  or  at  the  gas-solid  interface.  The  fact  that 
solid  propellants  are  often  very  complex,  both  chemically  and  physically, 
allows  for  the  possibility  that  any  of  these  proposed  mechanisms  may 
dominate  ignition.  Additionally,  all  of  the  proposed  mechanisms  may 
contribute  significantly  to  the  ignition  process  in  different  regions 
over  the  total  range  of  interest. 

A  comprehensive  study  of  rocket  motor  ignition  systems  would  in¬ 
clude  not  only  a  mechanistic  explanation  of  the  observed  response  of 
the  surface  ignition  of  a  propellant  to  a  particular  type  of  external 
energy  stimulus  but  also  the  effect  of  a  combination  of  the  different 
modes  that  may  be  supplied  by  a  rocket  igniter.  This  should  include 
various  combinations  of  (1)  convective  heating  from  hot  gases,  (2)  con¬ 
ductive  heating  from  hot  particles  impinging  or  condensing  on  the  sur¬ 
face,  (3)  radiation  from  hot  gases  and  incandescent  particles,  or  (4) 
hypergolic  heating  from  highly  reactive  chemical  species.  Information 
of  this  type,  in  addition  to  a  knowledge  of  the  rate  of  flame  spread 
over  the  grain  surface  and  the  rate  chamber  pressurization,  would  aid 
the  rocket  engineer  in  designing  a  predictable  ignition  system. 

The  present  work  may  be  regarded  as  a  contribution  to  such  a 
study.  The  emphasis  has  been  placed  on  a  specific  study  of  the  ignition 
of  an  ammonium  perchlorate  (AP)  composite  propellant  to  obtain  a  better 
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understanding  of  the  ignition  process.  The  objectives  of  the  work 
described  in  this  thesis  are: 

1.  To  develop  experimental  arc-image  furnace  equipment  and 
techniques  for  the  purpose  of  improving  the  accuracy  and 
ease  of  obtaining  solid  propellant  ignition  data. 

2.  To  investigate  the  initiation  of  ignition  of  a  typical 
ammonium  perchlorate  based  composite  propellant,  and  the 
individual  propellant  ingredients,  by  high  intensity  thermal 
radiation  in  an  arc  image  furnace. 

3.  To  determine,  experimentally,  significant  chemical  reactions 
or  dominant  processes  that  are  important  to  the  ignition 
mechanism. 

A.  To  study  the  effect  on  ignition  of  (a)  the  type  of  environ¬ 
mental  gas,  (b)  the  pressure  of  the  environmental  gas,  and 
(c)  the  magnitude  of  the  externally  applied  eat  flux. 

The  overall  objective  of  this  work  has  been  to  distinguish 
between  proposed  mechanisms  that  may  dominate  the  ignition  process 
when  high  intensity  thermal  radiation  is  used  as  the  external  energy 
stimulus.  Future  work  will  be  required  to  define  the  relationship 
between  coupled  modes  of  heat  transfer  on  the  ignition  characteristics 
of  solid  propellants.  It  is  hoped  that  these  data  will  be  useful  as 
future  guidelines  in  formulating  an  improves  model  of  the  ignition 
process. 
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IGNITION  THEORIES 

A  solid  propellant  is  defined  as  being  ignited  when  chemicax  and 
thermal  activity  at  or  near  the  surface  is  in  such  a  state  that  rapid 
.and.  spontaneous  convergence  to  steady-state  burning  occurs.  Because  of 
the  complexity  of  composite  solid  propellants  there  are  many  possibili¬ 
ties  for  combustion  and  ignition  reactions.  The  complexity  of  the 
process  is  such  that  none  of  the  current  theories  include  all  possible 
reactions  and  energy  feedback  to  the  propellant  surface.  The  present 
analytical  models  of  ignition  have  evolved  primarily  aB  attempts  to 
explain  the  effect  of  environmental  factors  on  the  observed  ignition 
behavior  of  propellants.  Of  necessity,  each  of  the  theories  has  to 
some  degree  over-simplified  the  physical  characteristics  of  the  system 
under  study.  Additionally,  each  of  the  models  has  assumed  a  completely 
different  external  energy  stimulus  making  any  valid  comparison  between 
models  difficult  if  not  impossible.  A  current  comprehensive  review  of 
ignition  theories  has  been  published  by  Price  and  co-workers  [59], 

CONDENSED  PHASE  IGNITION  THEORY 

The  condensed  phase  theory  is  based  on  the  assumption  that  the 
ignition  process  is  controlled  by  the  temperature  of  the  solid  phase. 

In  its  simplest  form  the  condensed  phase  theory  does  not  consider  a 
chemical  heating  term  but  assumes  that  the  propellant  undergoes  precipi¬ 
tous  ignition  at  an  invariant  surface  temperature.  This  concept  was 
employed  by  Altman  and  Grant  [2]  who  studied  the  ignition  of  composite 

propellants  by  heating  the  propellant  with  embedded  electrical  heating 
wires. 


NWC  TP  4 A 31 


Hicks  [34]  carried  out  a  numerical  analysis  of  a  "surface  ig¬ 
nition"  model  which  considered  transient  heating  analysis  with  exo¬ 
thermic  chemical  heating  in  tie  solid.  This  exothermic  self-heating  in 
the  solid  was  assumed  to  follow  the  Arrhenius  rate  equation  with  an 
exponential  dependency  on  temperature.  In  his  analysis  Hicks  also  con¬ 
sidered  the  thermal  transient  that  resulted  upon  removal  of  external 
heating.  Hicks'  theory  was  evolved  at  a  time  when  most  propellants 
were  of  the  double-base  type.  Since  then  other  investigators  have  con¬ 
sidered  the  condensed  phase  model  in  connection  with  composite  propel¬ 
lants.  Baer  and  Ryan  [8,  9,  10],  Evans,  Beyer  and  McCulley  [23], 

Keller  [39],  and  Price,  et  al  [60]  have  considered  solid  phase  models 
with  different  assumptions  regarding  external  heating  and  self-heating. 
Price,  et  al,  in  their  recent  review  [59]  have  considered  >•*’  solid 
phase  model  in  detail. 

GAS  PHASE  THEORY 

Observations  by  Summerfield  and  McAlevy  [66]  of  the  ignition  of 
ammonium  perchlorate  composite  propellants  in  a  shock  tube  filled  with 
a  nitrogen-oxygen  environmental  gas  led  McAlevy,  Cowan  and  Summerfield 
[49]  to  develop  the  gas-phase  theory  of  propellant  ignition.  This 
theory  assumes  that  the  fuel  binder  decomposes  and  diffuses  into  the 
hot  oxidizing  gas  where  eventual  vigorous  exothermic  reactions  occur 
supplying  the  necessary  energy  feedback  to  the  surface  for  rapid 
attainment  of  steady-state  burning.  The  rate  controlling  reactions  are 
presumed  to  be  those  occurring  in  the  gas  phase  near  the  vaporizing 
surface.  The  ignition  time  is  assumed  to  be  the  time  required  for 
sufficient  fuel  to  vaporize  and  reach  a  suitable  concentration  for  a 
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combustible  gas  mixture.  Heating  of  the  surface  is  assumed  to  occur 
with  a  step  rise  in  surface  temperature  and  concurrent  decomposition  of 
the  fuel.  The  criterion  for  ignition  is  for  chemical  heat  generation 
in  the  gaswphaee  to  be  equal  to  local  heat  losses.  Experimentally  ob¬ 
served  Ignition  times  were  not  correlated  well  by  the  theory.  In  a 
subsequent  publication  [67]  it  was  indicated  that  the  original  corre¬ 
lation  between  theory  and  experiment  was  not  conclusive  because  of  data 
scatter.  More  recent  work  on  this  model  has  been  done  by  Hertnance, 
et  al  [33]. 

HETEROGENEOUS  THEORY 

Ignition  that  results  from  significant  reactions  between  the 
propellant,  surface  and  the  environment  gas,  between  the  propellant  in¬ 
gredients  or  between  the  decomposition  products  of  a  particular  ingre¬ 
dient  and  the  condensed  phase  of  the  other  ingredient,  is  termed 
"heterogeneous  ignition".  Allen  and  Pinns  [l]  studied  the  ignition  of 
propellants  and  propellant  ingredients  by  gaseous  chlorine  trifluoride 
at  room  temperature  and  showed  Chat  spontaneous  ignition  would  occur. 
These  results  suggested  the  possibility  that  weaker  oxidizing  gases 
could  be  important  at  higher  temperatures  such  as  those  present  during 
ignition  by  external  heating.  Anderson,  et  al  [']  studied  the  effect 
of  oxidizer  fraction  and  pressure  of  the  environmental  gas  on  ignition 
of  binders  and  propellants  with  fluorine  and  chlorine  trifluoride  and 
developed  a  hypergolic  ignition  theory  to  permit  calculation  of  ig¬ 
nition  delay  times.  In  a  qualitative  extension  of  the  hypergolic 
theory  it  is  suggested  [5]  that  the  rate  controlling  reactions  in  the 
ignition  of  composite  propellants  are  spontaneous  heterogeneous 
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reactions  between  decomposition  products  of  the  solid  oxidizer  and  the 
binder  fuel.  The  "heterogeneous  theory",  at  present,  remains  quali¬ 
tative  in  nature. 

THE  CRITERION  OF  IGNITION 

The  attainment  of  a  condition  of  steady  state  deflagration  of  a 
solid  propellant  commences  with  the  application  of  an  external  energy 
stimulus,  which  serves  to  raise  the  temperature  of  the  propellant  to  a 
state  of  affairs  where  chemical  heating  becomes  dominant,  and  culminates 
in  the  final  precipitous  temperature  rise  to  steady  state  values.  In 
the  models  that  have  been  described  above,  provision  is  not  made  to 
include  the  final  steady  state  condition  and  the  definition  of  ignition 
is  somewhat  arbitrary  with  the  exact  choice  being  determined  for  mathe¬ 
matical  convenience.  These  definitions  include  such  choices  as  a  pre¬ 
determined  surface  temperature  rise  rate  (in  the  range  of  10®  °C/sec), 
the  behavior  of  the  surface  temperature  following  removal  of  the  ex¬ 
ternal  heating  stimulus  (here  the  onset  of  surface  temperature  Increase 
in  some  specified  time  following  removal  of  the  stimulus  would  be  taken 
as  an  indication  of  ignition)  with  ignition  "time"  being  the  period 
of  external  heating,  or  finally  a  state  of  "ignitedness"  is'  assumed 
when  the  rate  of  chemical  heat  generation  at  or  near  the  surface  is 
Just  greater  than  the  energy  losses  from  the  system. 

From  a  practical  viewpoint,  the  problem  of  definition  of  attain¬ 
ment  of  ignition  is  alleviated  by  the  fact  that  the  chemical  heating 
processes  are  exponentially  rate  dependent  on  temperature  with  the 
result  that  "runaway"  conditions  are  achieved  in  a  very  short  interval 
after  any  time  when  the  chemical  heating  has  become  appreciable. 
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Thus,  almost  all  experimental  techniques  for  detecting  ignition  would 
then  yield  nearly  the  same  results.  It  is  possible  of  course  to  find 
conditions  where  different  methods  of  ignition  detection  would  give 
different  results  under  the  same  experimental  conditions.  These  issues 
have  been  belabored  at  length  by  various  investigators  and  it  seems 
unlikely  that  universal  acceptance  of  a  particular  method  will  be 
forthcoming  in  the  immediate  future.  It  is  not  the  intent  of  the 
present  work  to  resolve  this  issue.  Within  the  framework  of  the  type 
of  ignition  experiment  performed  here,  a  reasonable  criterion  of 
Ignition  was  assumed  to  be  the  onset  of  detectable  self-luminosity  from 
exothermic  reactions  at  or  very  near  the  propellant  surface.  This 
serves  to  define  ignition  as  used  subsequently  in  this  work. 
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DESCRIPTION  OF  THE  EXPERIMENT 

The  goal  of  solid  propellant  ignition  research  is  to  obtain  a 
better  understanding  of  the  fundamental  mechaniams  Involved  in  the  ig¬ 
nition  transient  by  observing  ignition  behavior  under  carefully  con¬ 
trolled  test  conditions.  The  general  method  of  approach  for  experi¬ 
mental  ignition  research  is  to  expose  a  propellant  sample,  in  a  care¬ 
fully  controlled  environment,  to  an  external  energy  stimulus  of  known 
but  adjustable  magnitude,  and  observe  the  time  necessary  for  ignition 
to  occur.  The  arc-image  furnace  is  an  excellent  laboratory  tool  for 
obtaining  precise  test  conditions  for  ignition  research.  The  image 
furnace  is  an  optical  system  designed  to  focus  and  concentrate  radiant 
energy  from  a  suitable  source  onto  a  sample  target.  The  use  of  image 
furnaces  for  the  concentration  of  radiant  energy  dates  from  ancient 
times  and  several  papers  have  been  published  on  their  history,  general 
characteristics  and  use  as  a  research  tool  [29,  35,  56]. 

There  are  several  advantages  offered  by  the  image  furnace  over 
other  sources  of  thermal  energy: 

1.  The  energy  is  supplied  in  a  "clean"  form  in  that  it  is  inde¬ 
pendent  of  the  test  Bample  environment. 

2.  The  behavior  of  the  sample  can  be  studied  in  a  controlled 
environment  over  a  wide  range  of  pressure. 

3.  The  sample  can  be  exposed  to  the  full  intensity  of  the 
radiant  energy  very  rapidly,  and  terminated  without  dis¬ 
turbing  the  other  environmental  factors. 
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4.  The  energy  flux  density  is  easily  controlled  and  reproduced 
over  •  wide  range. 

5.  The  use  of  a  transparent  test  cell  allows  for  continuous 
viewing  of  the  sample  throughout  the  test. 

The  arc-image  furnace,  when  used  for  ignition  of  solid  propel¬ 
lants,  supplies  the  external  energy  stimulus  to  the  propellant  surface 
in  the  fora  of  high  intensity  thermal  radiation.  In  order  to  obtain 
quantitative  ignition  data  from  an  arc-image  experiment,  careful  con¬ 
sideration  must  be  given  to  the  instrumentation  and  associated  controls 
for  the  measurement  and  regulation  of  the  incident  energy.  Attention 
must  also  be  given  to  the  nature  of  the  energy  source  in  the  event  that 
it  is  unsteady  in  magnitude  such  that  ignition  behavior  is  significantly 
affected.  In  the  following  sections  a  discussion  of  the  techniques 
and  associated  instrumentation  used  in  this  work  is  presented. 

The  experimental  work  for  this  thesis  was  performed  in  the 
thermal  radiation  facility  located  in  the  Aerothermochemistry  Group's 
laboratory  at  the  U.  S.  Naval  Ordnance  Test  Station,  China  Lake,  Cali¬ 
fornia.  The  facility  consists  of  an  arc  image  furnace  and  the  neces¬ 
sary  equipment  and  instrumentation  for  the  measurement  and  control  of 
high  intensity  thermal  radiation.  The  arc  image  furnace  used  in  this 
work  basically  consists  of  two  opposing  ellipsoidal  mirrors  on  a 
common  optical  axis  with  the  secondary  focal  point  of  each  mirror  being 
coincident  midway  between  the  mirrors.  A  high  intensity  thermal  radi¬ 
ation  source  is  located  at  the  primary  focus  of  the  first  mirror  with 
the  test  sample  being  placed  at  the  primary  focus  of  the  second  mirror. 
A  high  speed  shutter  is  located  at  the  coincident  second  focal  point 
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to  control  the  irradiance-time  history  of  the  sample.  This  arrangement 
is  shown  schematically  in  Fig.  1,  and  is  similar  to  other  facilities 
that  have  been  described  elsewhere  [12;  14,  46,  56], 

Ir.  the  present  case,  thermal  radiation  supplied  by  a  xenon  arc 
is  collected  by  the  primary  and  auxiliary  mirrors  and  projected  to  the 
second  focal  point  (often  called  the  crossover  point)  where  the  high 
speed  shutter  controls  the  energy  beam  and  sample  exposure  in  a  nearly 
stepwise  fashion.  From  this  coincident  second  focal  point  the  beam 
diverges  and  is  collected  by  a  second  mirror,  similar  to  the  primary 
mirror,  and  refocused  on  the  test  sample.  The  sample  is  located  inside 
a  stainless  steel  chamber  fitted  with  a  quartz  window  to  transmit  the 
radiant  energy  and  a  photodiode  to  detect  ignition  of  the  sample.  The 
energy  beam  passes  through  the  window  and  Impinges  on  a  plain  circular 
end  of  the  sample  uith  the  maximum  flux  density  at  the  center.  The 
system  is  capable  of  producing  a  flux  density  of  120  cal/cm2  sec  inside 
the  chamber  with  the  xenon  lamp  operating  at  80  amps.  Different  en¬ 
vironmental  gases  at  pressures  up  to  100  psia  flow  through  a  well  de¬ 
fined  rectangular  channel  between  the  quartz  window  and  the  exposed 
sample  end. 

The  flux  density  at  the  sample  position  is  measured  with  a 
commercial  radiometer  similar  to  that  devised  by  Gardon  [27].  The 
level  of  intensity  of  the  flux  is  controlled  by  inserting  various 
numbers  of  wire  mesh  screen  layers  in  the  energy  beam.  The  source  is 
run  at  a  constant  energy  output.  Exposure  of  the  sample  is  accom¬ 
plished  with  a  high  speed  shutter  located  at  the  coincident  second 
focus.  Flux  densities  over  the  range  of  6  to  120  cal/cm2  sec  have  been 
used  in  the  present  work. 
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Measurement  of  the  expos*  '  time  commences  with  the  development 
of  the  maximum  flux  density,  u._  5'e  prevailing  test  conditions,  on 

the  center  of  the  sample.  With  the  shutter  used  in  the  present  work 
the  maximum  flux  density  has  been  found  to  occur  over  a  spot  0.030 
Inches  in  diameter  in  1  millisecond  from  the  Initial  shutter  opening. 
Ignition  is  detected  by  a  photodiode  whose  optical  axis  is  aligned 
parallel  with  and  slightly  above  the  sample  surface.  The  photodiode 
then  "sees"  the  sample  surface  at  a  low  grazing  tingle  and  the  gas  phase 
up  to  approximately  0.15  inches  immediately  above  the  center  of  the 
sample.  The  photodiode  also  detects  scattered  background  radiation  as 
well  as  the  propellant  ignition.  This  background  radiation  allows  the 
shutter  opening  to  be  displayed  on  the  oscilloscope  for  the  beginning 
of  exposure  time.  Figure  2  is  a  sketch  of  the  type  of  ignition  trace 
obtained  in  the  present  work  showing  the  technique  employed  in  measuring 
ignition  time.  Actual  ignition  traces  photographed  from  the  oscillo¬ 
scope  are  shown  in  the  appendix  in  Fig.  25. 

The  sequence  of  events  constituting  a  typical  ignition  test  are 
as  follows: 

1.  The  lamp  arc  is  struck  and  allowed  to  come  to  steady  oper¬ 
ating  conditions  at  80  amps  (approximately  5  minutes). 

2.  A  calibration  of  the  flux  density  is  made  with  the  radiometer. 

3.  The  radiometer  is  removed  from  the  ignition  bomb  and  the 
sample  holder  with  a  freshly  prepared  sample  is  mounted  in 
the  bomb. 

4.  The  environmental  gas  is  admitted  to  the  bomb  and  the  flow 
and  pressure  is  adjusted  to  the  desired  level. 
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FIGURE  2.  SKETCH  OF  REPRESENTATIVE  RADIATION-IGNITION  TRACE 
ILLUSTRATING  THE  METHOD  USED  TO  MEASURE  IGNITION  TIME.  THIS 
SKETCH  IS  TYPICAL  OF  A  HIGH-FLUX,  HIGH-PRESSURE  TEST.  ACTUAL 
IGNITION  TEST  TRACES  ARE  SHOWN  IN  APPENDIX  A,  FIG.  25. 

5.  The  main  lamphouse  dowser  is  opened  which  automatically 
opens  the  siiuttcr  and  triggers  the  oscilloscope.  The  lamp 
current  meter  is  monitored  visually  during  the  run.  In  the 
event  that  flux  variations  greater  than  +1  amp  occur  during 
the  run,  the  run  is  rejected. 

6.  Following  ignition  the  dowser  is  closed,  the  gas  flow 
terminated  and  the  bomb  is  flushed  with  nitrogen. 

7.  The  ignition  time  is  recorded  on  the  data  sheet  and  the 
memoscope  erased  and  reset. 

This  general  sequence  of  events  is  repeated  for  five  consecutive  runs. 
Following  the  fifth  run  a  flux  calibration  is  made  and  the  test  con¬ 
ditions  are  varied  for  the  next  five  runs.  This  is  continued  until  the 
14 


ignition  response  for  the  propellant  is  complete  over  the  range  of 
variables  of  interest. 

Ignition  tests  were  run  on  a  typical  ammonium  perchlorate  com¬ 
posite  propellant  and  on  the  different  propellant  ingredients.  The 
propellant  designated  as  A-87  in  the  Aerothermochemistry  Division's 
propellant  series  contained  75  percent  AP,  23.5  percent  PBAN  (poly¬ 
butadiene  acrylic  acid  acrylonitrile)  binder,  1  percent  copper  chromite 
(CC)  and  0.5  percent  carbon  (C) .  An  inert  propellant  was  prepared  by 
substituting  glass  beads  for  AP  on  an  equal  volumetric  basis  with  the 
other  constituants  remaining  the  same.  Ammonium  perchlorate  pressed 
pellets,  with  an  AP/CC/C  ratio  equal  to  that  in  the  propellant,  were 
prepared  by  pressing  in  a  cylindrical  mold  at  40,000  psi.  The  experi¬ 
mental  results  and  a  discussion  of  their  interpretation  are  presented 
in  the  following  chapter. 


EXPERIMENTAL  RESULTS  AND  DISCUSSION 

The  general  dependence  of  ignition  time  of  A-87  propellant  on 
the  incident  flux  density  is  shown  in  Fig.  3.  In  this  figure  the  inde¬ 
pendent  parameter  is  the  type  of  environmental  gas  at  a  constant  pres¬ 
sure  of  45  psia.  The  most  obvious  characteristic  of  the  data  is  that  the 
ignition  time  decreases  with  increasing  flux  density.  Further,  at  a 
constant  value  of  q  the  ignition  time  increases  with  decreasing  mole¬ 
cular  weight  of  the  environmental  gas.  The  general  trend  of  decreasing 
ignition  time  with  increasing  flux  density  is  common  to  the  other  ex¬ 
perimental  methods  of  supplying  external  energy,  i.e.,  conductive  or 
convective. 

Before  considering  the  experimental  results  in  detail,  it  is 
instructive  to  consider  two  simple  thermal  modelB  of  ignition:  (1)  the 
case  where  the  propellant  is  considered  as  a  one-dimensional,  semi¬ 
infinite,  inert  solid  with  ignition  occurring  at  a  constant  surface 
temperature,  and  (2)  the  same  general  model,  only  with  a  chemical 
heating  term.  In  both  cases,  a  constant  surface  heat  flux  is  assumed 
in  conformity  with  the  conditions  of  the  arc  image  experiment. 

Then  for  case  (1)  we  have 
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The  well  known  eolution  to  equation  (1)  is* 
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If  we  consider  the  concept  of  an  invariant  autoignition  temperature, 
then  we  find  t^  related  to  q  by 


-  C/q2 


(3) 


and  a  plot  of  In  t^  vs.  In  q2  should  then  yield  a  straight  line  with  a 
slope  of  -2.0. 

For  case  (2)  with  provision  of  chemical  heating,  we  have  for  the 
one-dimensional  heat  balance  equation 
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with  the  same  initial  and  boundary  conditions  as  (1).  Solutions  to 


*See  for  example  Carslaw  and  Jaeger,  Conduction  of  Heat  in  Solids,  2nd 
edition,  Oxford  at  the  Clarenden  Press,  1959,  p.  75. 
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equation  (4)  have  been  given  [60]  for  the  following  value*  of 
kinetic  parameter* 

B  -  1019,  1022,  1025  cal/cm3 

E/R  -  15,000,  20,000,  25,000,  30,000°K 

over  a  range  of  flux  density  from  q  ■  0.01  to  1,000  cal/cm2  *ec. 

The  results  shown  in  Fig.  3  indicete  that  the  concept  of  a 

constant  surface  temperature  at  ignition  1*  not  obeyed.  The  oxygen 

« 

curve,  for  example,  displays  a  slope  of  -1.62.  The  Ignition  curve*  for 
other  environmental  gases  have  slopes  somewhat  less  than  this.  The 
only  exception  is  the  helium  curve  at  low  fluxes  which  gives  a  slope  of 
magnitude  slightly  greater  than  -1.62.  The  point  of  this  exercise  is 
simply  to  indicate  that  the  date  are  not  correlated  by  a  simple  heating 
model  with  Ignition  occurring  at  a  constant  temperature.  In  fact,  the 
ignition  data  shown  in  Figs.  6,  7,  8,  9  and  10  for  the  various  environ¬ 
mental  gases  with  pressure  as  the  independent  parameter  all  indicate  a 
dependence  of  ignition  time  on  environmental  pressure.  This  pressure 
dependence  can  hardly  be  explained  by  such  a  simple  concept. 

In  case  (2)  the  inclusion  of  a  chemical  heating  term  has  moved 
us  closer  to  the  realistic  ignition  situation  where  eventual  chemical 
heating  meat  occur.  Even  though  case  (2)  considers  the  self-heating 
to  occur  only  in  the  condensed  phase  an  examination  of  the  effect  of 
such  chemical  heating  will  provide  insight  into  the  effect  of  other 
modes  of  heat  generation  and  energy  feedback  to  the  propellant  surface. 

Figures  4  and  5  are  similar  to  those  given  in  reference  [60] 
for  the  solution  to  equation  (4)  for  typical  values  of  the  kinetic 
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FIGURE  4.  TYPICAL  CORRELATION  OF  CALCULATED  SURFACE  TEMPERATURE 
RISE  AS  A  FUNCTION  OF  q2t  AND  q.  SOLID  q  CURVES  ARE  FOR  SELF¬ 
HEATING  IN  THE  CONDENSED  PHASE  WITH  THE  DASHED  q  CURVES  REPRE¬ 
SENTING  SELF-HEATING  IN  THE  GAS  PHASE. 


parameters.  In  Fig.  4  the  increase  in  surface  temperature  is  shown  as 
a  function  of  q2t.  The  lower  curve  is  the  solution  for  the  no-chemical- 
heatlng  situation.  The  curves  that  break  away  at  various  values  of  q 
indicate  that  the  values  of  surface  temperature  at  which  runaway  chemi¬ 
cal  heating  occuro  is  increased  at  the  higher  heating  rates.  The  solid 
curves  which  break  away  are  representative  of  the  solution  of  equation 
(4)  with  condensed  phase  chemical  heating.  The  dashed  lines  correspond 
to  a  situation  where  the  first  reaction  is  a  decomposition  of  the  pro¬ 
pellant  ingredients  (or  a  single  ingredient)  followed  by  an  exothermic 
reaction  in  the  gas  phase. 

In  the  case  of  condensed  phase  reactions,  the  energy  feedback 
coupling  mechanism  is  very  efficient,  i.e.,  it  is  "built  into"  the 
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FIGURE  5.  SURFACE  TEMPERATURE  SOLUTIONS  OF  A  SEMI-INFINITE,  ONE- 
DIMENSIONAL  SLAB  EXPOSED  TO  A  CONSTANT  EXTERNAL  SURFACE  HEAT  FLUX 
WITH  AND  WITHOUT  SELF-HEATING. 


propellant  surface.  As  a  consequence,  when  a  temperature  is  reached 
where  chemical  heating  becomes  appreciable,  only  a  very  short  addi¬ 
tional  period  of  time  is  necessary  for  the  exponential  nature  of  the 
temperature  dependence  to  produce  a  precipitous  temperature  rise  and 
"ignition"  has  occurred.  In  the  case  of  a  gas  phase-controlling  exo¬ 
thermic  reaction  (the  dashed  lines)  the  reaction  rate  will  be  sensitive 
to  the  concentration  of  the  reactable  species  and  hence  to  gaseous 
diffusion  processes.  In  the  gas  phase  models  that  have  been  developed 
[32,  49]  the  dependence  on  diffusion  is  strong.  Even  though  these 
models  do  not  assume  a  constant  external  heat  flux  it  is  not  expected 
that  such  a  boundary  condition  would  alter  this  dependence. 
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Figure  S  it  a  cross  plot  of  Fig.  4  with  the  ordinate  and  ab¬ 
scissa  being  those  used  to  correlate  the  present  experimental  data. 

The  dark  solid  line  represents  an  upper  asymptote  for  the  near  vertical 
section  of  the  condensed  phase  constant  q  curves  that  break  away  from 
the  no-cheoical-heating  curve  of  Fig,.  4.  The  extremely  narrow  spacing 
of  the  constant  surface  temperature  lines  (-*■  l/«)  near  the  limiting 
asymptote  reflects  the  precipitous  departure  of  the  constant  q  lines 
from  the  inert  heating  situation.  Here  we  see  that  the  inclusion  of 
chemical  heating  in  the  heat  balance  equation  leads  to  a  limiting 
asymptote  with  the  result  that  the  constant  temperature  surface  lines 
become  greatly  compressed  in  the  region  very  close  to  this  limit.  The 
slope  of  this  limit  asymptote  in  magnitude  is  less  than  -1  indicating 
that  with  chemical  heating  wo.  do  not  obtain  a  constant  ignition  temper¬ 
ature. 

The  dashed  lines  in  Fig.  5  representing  "higher"  and  "lower" 
pressure  correspond  to  the  dashed  curves  of  constant  q  in  Fig.  4  for  a 
gas  phase,  exothermic  reaction.  In  this  case  the  effect  of  gaseous 
diffusion  (increasing  for  decreasing  pressure  and/or  molecular  weight) 
is  to  delay  the  accumulation  of  reactable  species  in  sufficient  con¬ 
centration  to  produce  an  appreciable  exothermic  reaction.  In  addition, 
the  coupling  of  the  chemical  heating  energy  to  the  surface  is  less 
efficient  than  for  the  condensed  phase,  since  it  is  by  conduction  in 
the  gas  phase.  Also,  on  a  relative  time  scale,  the  variation  of  pre¬ 
cipitous  temperature  rise  of  the  condensed  phase  curves,  compared  with 
gas  phase  curves  of  Fig.  4,  is  greater  at  high  flux  than  at  low  flux. 
This  is  indicated  in  Fig.  5  where  it  can  be  seen  that  the  higher  and 
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lower  pressure  curves  merge  together  and  approach  the  limiting  asymp¬ 
tote  curve  for  condensed  phase  chemical  heating  at  lower  flux  values. 

*5 

In  the  low  flux  region,  then,  ignition  data  plotted  as  In  t^  vs.  In  q 
would  appear  to  be  well  correlated  by  a  simple  condensed  phase  model 
such  as  that  described  by  equation  (4). 

The  concept  of  a  one-dimensional,  semi- infinite,  inert  slab 
heated  at  a  constant  rate  is  useful  in  estimating  the  general  range  of 
surface  temperatures  that  prevail  at  ignition.  Sample  calculations  for 
air  at  45  psia  (using  equation  (3))  indicate  that  the  surface  temper¬ 
ature  at  ignition  at  an  incident  flux  of  6.45  cal/cra2  sec  is  on  the 
order  of  330°C  and  at  120  cal/cm2  sec  is  on  the  order  of*775°C.  The 
values  thus  calculated  are  only  approximations  and  at  the  higher  heating 
rate  the  value  is  no  doubt  in  greater  error  due  to  evaporation,  subli¬ 
mation  and  other  heat  losses  unaccounted  for  in  the  computations. 

It  is  interesting,  however,  chat  the  ignition  temperatures  at  low 
fluxes  approach  those  at  which  the  first  rapid  decomposition  of 
ammonium  perchlorate  begins  in  a  differential  thermal  analysis.*  This 
rapid  decomposition  temperature  tends  to  shift  to  higher  temperatures 
as  the  differential  thermal  analysis  heating  rate  is  increased. 

It  is  now  of  interest  to  examine  the  data  of  the  present  work 
in  light  of  the  ignition  model  discussed  above.  The  ignition  data  of 
A-87  is  shown  in  Figs,  6,  7,  8,  9,  10  and  11  with  Fig.  8  showing  the 
dependence  of  A-87  ignition  on  oxygen  concentration  at  the  highest  flux 
level.  Figures  12  and  13  show  the  ignition  data  of  the  dummy  propellant 

*Private  communication  with  Dr.  K.  Kraeutle,  U.  S.  Naval  Ordnance  Test 
Test  Station,  China  Lake,  California,  January,  1967. 
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and  pressed  pellets  respectively.  Tabulation  of  the  experimental  data 
is  given  In  Appendix  D. 

First,  let  ua  consider  the  ignition  data  of  A-87.  It  is  ob¬ 
served  that  all  of  the  data  have  a  alope  of  less  than  -1.  All  of  the 
data  display  a  pressure  dependence,  with  the  relative  difficulty  of 
ignition  increasing  with  decreasing  pressure  at  high  flux.  At  low  flux 
the  pressure  dependence  tends  to  reverse  itself  with  the  high  pressure 
data  displaying  slightly  longer  Ignition  times  than  the  low  pressure 
data.  With  the  ignition  detection  system  used,  it  was  not  possible  to 
obtain  data  at  15  psla  at  the  higher  flux  levels  when  any  of  the  gases, 
except  air  or  oxygen,  were  used.  The  trend  of  the  data  for  low  pres¬ 
sure  indicates  that  inert  gases  would  also  display  a  strong  pressure 
dependence  if  the  detection  system  were  sensitive  enough  to  obtain  data 
in  this  region. 

Figure  6  shows  the  data  of  A-87  ignition  in  air.  With  air  as 
the  environmental  gas,  it  was  possible  to  run  tests  at  15  psia  at  the 
highest  flux  and  obtain  a  weak  but  definite  ignition  signal.  The 
presence  of  20  percent  oxygen  then,  considerably  increased  the  rate 
of  the  reaction  "seen"  by  the  photodiode.  The  pure  oxygen  data  are 
shown  in  Fig.  7.  All  ignition  signals  were  strong  with  pure  oxygen 
indicating  a  still  greater  increase  in  reaction  rate  as  would  be  ex¬ 
pected.  A  strong  pressure  dependence  is  observed  with  air  at  high 
fluxes  while  oxygen  displayed  the  least  pressure  dependence  of  any  of 
the  gases  (assuming  the  extrapolated  trends  of  low  pressure  -  high 
flux  data  of  inert  gases  are  essentially  correct).  Figure  8  is  a  plot 
of  In  t^  va.  In  oxygen  concentration  for  the  air  and  oxygen  cata  at  the 
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FIGURE  7.  IGNITION  DATA  FOR  A-{<7  PROPELLANT  IN  OXYGEN 
AT  TEST-GAS  PRESSURES  OF  15,  45  AND  100  PSIA. 
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highest  flux  level.  These  data  indicate  that  for  oxygen-containing 
gases  the  dependence  of  ignition  time  on  oxygen  concentration  is 
differ<  If  the  concentration  is  varied  by  mole  fraction  or  total 
pressure.  This  suggests  a  diffusion  limited  reaction,  i.e.,  the  reaction 
kinetics  are  fast  enough  to  consume  the  oxygen  as  fast  as  it  can  be 
supplied.  In  the  case  of  air  the  Ignition  time  dependence  is  increased 
due  to  the  presence  of  nitrogen  impeding  the  diffusion  of  oxygen. 

When  considering  the  data  in  inert  gases  (Figs.  9,  10  and  11), 
it  must  be  remembered  that  we  now  have  to  rely  on  both  propellant  in¬ 
gredients  to  commence  decomposition  at  a  rate  that  is  sufficient  to 
supply  both  reactants  in  the  necessary  concentration  to  allow  Ignition 
to  occur  under  the  prevailing  conditions  of  temperature  and  pressure. 
Here,  we  expect  to  find  the  effect  of  diffusivity  of  the  environmental 
gas  to  be  important.  Gases  with  high  diffusivity  are  able  to  effec¬ 
tively  dilute  the  concentration  of  reactable  species  during  the  Initial 
decomposition  stages  and,  hence,  we  have  to  wait  longer  for  the  accumu¬ 
lation  of  reactants  and  for  the  surface  temperature  to  increase,  to 
provide  an  increased  rate  of  decomposition. 

We  can  expect  this  effect  to  be  stronger  at  lower  pressures 
where  diffusion  of  reactive  species  away  from  the  surface  and  diluent 
species  to  the  surface  would  be  enhanced.  Unfortunately,  it  was  not 
possible  to  obtain  reliable  data  at  low  pressure  and  high  flux  where 
this  effect  would  be  most  pronounced.  The  data  trends  are  in  the  right 
direction,  however,  and  comparison  of  the  data  of  different  gases  at 
the  same  pressure  (Fig.  3)  indicates  the  importance  of  the  diffusional 
effect.  Further,  the  lack  of  strong  pressure  dependence  with  pure 
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oxygen  also  eupports  this  view  since,  in  the  high  oxidizer  concentra¬ 
tion  of  pure  oxygen,  diffusion  requirements  to  satisfy  the  ignition 
reaction  are  easily  met  even  at  one  atmosphere. 

Compared  to  the  other  gases,  the  relative  ease  of  ignition  of 
A-87  in  oxygen  strongly  suggests  that,  in  addition  to  satisfying  the 
diffusional  requirements,  the  first  propellant  constituant  to  begin 
significant  decomposition  is  the  binder,  with  the  first  significant 
exothermic  reaction  occurring  between  the  binder  and  environmental 
oxygen.  Under  the  conditions  of  radiant  heating,  this  is  not  surpris¬ 
ing  since  the  binder  contains  darkening  agents  (C  and  CC,  which  makes 
it  a  better  absorber  in  this  spectral  range) ,  and  has  a  thermal  dlffus- 
ivity  of  about  one-half  that  of  AP. 

In  order  to  test  the  hypothesis  of  the  first  exothermic  reaction 
occurring  between  binder  pyrolysis  products  and  oxidizer,  a  dummy  pro¬ 
pellant  was  formulated  by  substituting  glass  beads  for  the  AP.  Figure 
12  shows  the  comparison  of  the  ignition  of  the  dummy  propellant  in 
oxygen,  A-87  in  oxygen  and  A-87  in  nitrogen,  with  all  tests  run  at 
100  psia.  The  data  scatter  for  the  dummy  propellant  was  much  greater 
than  for  the  propellant  but  within  the  scatter  it  is  seen  that  the  ig¬ 
nition  time  is  nearly  the  same.  In  contrast,  the  ignition  of  A-87  in 
nitrogen  (Fig.  9)  is  observed  to  take  slightly  longer  at  low  flux,  with 
the  relacive  increase  in  ignition  time  becoming  greater  at  high  flux. 
This  increased  ignition  time  in  nitrogen  then  is  interpreted  as  being 
the  additional  time  necessary  for  the  AP  to  decompose  sufficiently  to 
meet  the  oxidizer  concentration  necessary  for  ignition. 

It  seems  reasonable  to  eiuppose  that  the  initial  binder  decom¬ 
position  products  may  be  light  hydrocarbon  fractions.  To  test  this 


32 


M  . 


/cm"  sec 


FIGURE  12.  IGNITION  DATA  FOR  THE  DUMMY 
INERT  PROPELLANT  IN  OXYGEN.  IGNITION 
DATA  FOR  A-87  IN  OXYGEN  AND  NITROGEN 
SHOWN  FOR  COMPARISON. 
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hypothesis,  pressed  pellets  of  AP  containing  carbon  and  copper  chromite 
but  no  binder  were  prepared,  and  ignited  in  methane.  Results  are  shown 
in  Fig.  13;  and  compared  with  the  A-87  data  in  nitrogen.  The  date,  in¬ 
dicate  that  for  radiant  ignition  in  inert  atmospheres  the  slow  step  in 
the  process  is  the  decomposition  of  AP  to  supply  oxidizing  gas  species 
at  a  rate  sufficient  to  allow  Ignition  to  occur.  The  trend  is  for  the 
A?  pellets  to  ignite  easier  at  the  higher  heating  rates  in  methane  than 
the  regular  propellant  sample  (including  binder)  in  nitrogen.  This  is 
reasonable  from  the  diffusion  argument  since  a  diluent  gas  is  not 
present  to  offer  any  barrier  and  the  methane  can  easily  meet  the 
reaction  diffusion  requirements. 

The  preceeding  discussion  has  evolved  from  an  interpretation  of 
the  experimental  results  on  terms  of  the  influence  of  gaseous  diffusion 
coupled  with  the  relative  rates  of  decomposition  of  propellant  ingre¬ 
dients  necessary  to  supply  a  reactable  concentration  of  species  in  the 
gas  phase.  Other  factors  can  also  influence  the  observed  trend  of  the 
experimental  data. 

For  example,  consider  the  problem  of  inferring  the  ignition  time 
from  the  experimental  data.  The  photodiode  looks  at  the  sample  surface 
and  the  immediately  adjacent  gas  phase  region.  The  output  signal 
strength  of  the  detector,  therefore,  is  a  function  of  the  rate  of  forma¬ 
tion  of  self-luminous  products  formed  in  this  region.  This  formation 
ia  expected  to  be  exponentially  dependent  on  temperature  and  at  high 
heating  rates  (high  flux)  the  contribution  of  the  external  heating  in 
raising  the  temperature  is  greater  than  at  lower  heating  rates  (low 
flux).  This  is  exaggerated  at  low  pressure  where  low  concentration  of 
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reactive  species  would  delay  the  formation  of  aelf-luminoua  products. 

The  absorption  of  radiation  in  depth  would  also  tend  to  make  the 

% 

•lope  of  In  t  vs.  In  ^  less  than  -1.  The  layer  that  would  be  conduc- 
tively  heated  if  all  the  energy  was  absorbed  at  the  surface  1*  thin 
under  the  condition  of  high  flux  and  if  appreciable  'absorption  in  depth 
occurred  the  thermal  profile  would  be  altered  by  an  energy  absorption- 
conduction  coupled  mechanism.  This  point  is  difficult  to  evaluate 
because  a  value  of  the  optical  extinction  coefficient  for  composite 
propellants  is  not  a  simple  exponential  (due  to  optical  heterogeneity) . 
The  binder  of  the  propellant  used  in  the  present  work  is  optically  very 
dark,  at  least  in  the  visible  spectrum  (the  major  portion  of  the  radiant 
energy  of  the  arc  image  furnace  is  in  the  visible  spectrum),  and  it 
is  expected  that  this  effect  would  be  small.  If  propellants  are  tested 
that  are  not  optically  dark  thia  point  would  become  increasingly  im¬ 
portant. 

The  present  data  indicate  the  trend  of  the  pressure  dependence 
is  reversed  at  low  fluxes  compared  to  high  fluxes;  at  high  pressure  the 
ignition  time  is  longer  than  at  low  pressure  at  low  fluxes.  On  a  rela¬ 
tive  basis,  this  low  flux  pressure  dependence  is  much  less  than  the 
high  flux  pressure  dependence,  suggesting  that  a  mechanism  other  than 
diffusion  is  becoming  important. 

Since  there  is  a  gas  flow  past  the  sample  surface,  it  is  likely 
that  convective  heat  losses  should  become  more  important  under  the  con¬ 
dition  of  low  flux  and  longer  ignition  tim^s.  Heat  transfer  coeffi¬ 
cients  were  estimated  (see  Appendix  C)  for  the  present  test  conditions 
and  found  to  be  consistent  with  this  explanation  of  the  low  flux 
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dependence.  For  example,  the  ignition  data  of  air  at  6.45  cal/cm^  sec 
(6ee  Table  3)  indicates  an  increase  in  ignition  time  from  1.25  to  1.48 
seconds  at  pressures  of  15  and  100  psia  respectively.  From  Table  2 
the  estimated  heat  transfer  coefficients  for  the  same  respective  con ? 
aitions  are  2.3  x  10  ^  and  3.7  x  15  ^  cal/cm2  sec.  While  it  is  proba¬ 
ble  that  the  heat  loss  due  to  convection  is  not  the  complete  explan¬ 
ation,  it  is  believed  to  be  a  major  factor  contributing  to  the  low 
flux  dependence. 
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SUMMARY  OF  RESULTS  AND  CONCLUSIONS 

SUMMARY  OF  RESULTS 

In  summary,  the  data  for  ignition  of  a  catalized,  ammonium 
perchlorate  composite  propellant  by  high  intensity  thermal  radiation 
■hove  that: 

1.  The  effect  of  increasing  the  incident  flux  density  is  to 
decrease  the  ignition  time  with  the  maximum  magnitude  of 
the  slope  of  In  t^~  vs.  In  q  always  less  than  -1. 

2.  A  dependence  of  ignition  time  on  environmental  gas  pressure 
is  found  to  be  most  pronounced  at  high  flux  densities  with 
pure  oxygen  displaying  the  least  pressure  dependence  of  the 
environmental  gases  tested.  A  pure  oxygen  environment  pro¬ 
duced  the  shortest  ignition  time. 

3.  A  different  dependence  of  ignition  time  on  oxygen  concen¬ 
tration  is  observed  if  the  concentration  is  changed  by 
varying  the  mole  fraction  as  compared  to  varying  the  total 
pressure. 

A.  The  ignition  time  in  inert  atmospheres  generally  increases 
with  decreasing  molecular  weight  of  the  environment  gas. 

5.  The  ignition  times  of  the  dummy  inert  propellant  in  pure 
oxygen  were  the  same  as  the  ignition  times  for  the  live 
propellant  in  pure  oxygen  under  the  same  test  conditions. 

6.  The  ignition  time  of  pressed  pellets  of  AP,  copper  chromite 
and  carbon  were  approximately  the  same  as  the  Ignition  time 
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of  Che  live  propellant  in  nitrogen  under  Che  soae  test 
conditions • 


CONCLUSIONS 

From  the  results  of  this  work,  it  is  concluded  that: 

1*  The  simple  model  of  an  invariant  surface  temperature  at 
ignition  (i.e.,  neglecting  any  chemical  self-heating)  la 
inadequate  to  correlate  experimental  Ignition  data. 

2.  To  explain  the  observed  ignition  data  it  la  necessary 
to  Include  the  condition  of  chemical  self-heating  which 
can  eventually  become  dominant  over  the  externally  supplied 
energy  stimulus  for  Ignition. 

A  qualitative  extension  of  the  condensed  phase  chemical  heating 
model  of  Price,  et  al  [58]  to  the  case  of  exothermic  gas  phase  reac¬ 
tions  has  shown  that  the  expected  trends  of  such  a  model  are  consistent 
with  the  trends  observed  in  the  present  experimental  work.  While  the 
qualitative  arguments  advanced  are  in  agreement  with  the  data  of  the 
present  work  such  agreement  does  not  constitute  proof  of  a  particular 
mechanism.  The  logic  of  the  argument,  however,  strongly  suggests  that 
under  the  experimental  conditions  of  the  present  investigation  exo¬ 
thermic  gas  phase  reactions  play  a  role  of  major  importance,  if  perhaps 
not  completely  controlling,  on  Che  ignition  of  ammonium  perchlorate 
composite  propellants  with  high  intensity  thermal  radiation.  Other 
factors  such  as  convective  heat  loss  from  the  sample  surface  and  radi¬ 
ation  absorption  in  depth  can  alter  the  dependence  of  ignition  delay 
on  the  external  flux  density. 
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RECOMMENDATIONS  FOR  FUTURE  WORK 

The  following  areas  of  investigation  would  supply  additional 
Information  pertinent  to  the  ignition  processes  of  composite  propel¬ 
lants  : 

1.  The  thermal  decomposition  of  individual  propellant  ingre¬ 
dients  should  be  investigated  under  the  conditions  of 
pressure  and  heating  rates  common  to  practical  motor  igni¬ 
tion  conditions. 

2.  Different  methods  of  detecting  ignition  should  be  thoroughly 
investigated.  This  would  include  such  techniques  as  (a)  the 
controlled  exposure  go-no  go  statistical  method  and  (b) 
ionization  probes. 

3.  The  effect  of  different  modes  of  external  heating  on  the 
same  propellant  should  be  investigated  over  a  wide  range  of 
pressure  and  external  flux.  Such  studies  with  both  radiant 
and  convective  heating  and  on  both  optically  light  and  dark 
propellants  are  necessary  in  order  to  determine  the  effect 
of  absorption  of  radiant  energy  with  depth  and  heat  losses 
from  the  surface.  Possible  changes  in  ignition  mechanisms 
might  also  be  detected. 

4.  The  use  of  optical  techniques  such  as  motion  picture  photo¬ 
graphy  and  interferometric  observation  of  the  gas  phase 
immediately  above  the  propellant  surface  would  be  of  great 
value  in  determining  the  mechanism  of  the  ignition  process. 
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5.  Measurement  of  the  propellant  surface  temperature  during  ' 
external  heating  could  reveal  important  additional  infor¬ 
mation  about  the  Ignition  process. 
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APPENDIX  A 
EXPERIMENTAL  DETAILS 

FURNACE  SOURCE  AND  OPTICAL  DETAILS 

An  overall  view  of  the  furnace  is  shown  in  Fig.  14,  while  Fig. 

15  shows  the  details  of  the  interior  of  the  lamp  house  with  the  xenon 
bulb,  primary  mirror,  auxiliary  mirror  and  the  mirror  adjustment  con¬ 
trols.  The  radiation  source  is  an  Osram  2,500  watt  xenon  bulb  mounted 
in  a  Strong  X-1600  movie  projection  lamp  house  (type  76002-2)  and 
radiating  at  a  color  temperature  of  approximately  6,000°K.  The  primary 
mirror. is  a  glass,  14-inch  diameter,  first  surface,  aluminized  ellip¬ 
soidal  mirror  which  produces  an  image  of  the  arc  eource  at  the  second 
focal  point  with  a  magnification  of  approximately  5X,  After  being 
collected  by  the  second  mirror  the  beam  converges  to  a  focal  volume 
roughly  the  size  of  the  arc  source.  The  auxiliary  mirror  is  used  to 
increase  the  energy-gathering  efficiency  of  the  system  by  collecting 
the  energy  radiated  from  the  front  of  the  xenon  arc  and  refocusing  it 
back  through  the  arc  plasma  to  the  primary  mirror.  The  spectral  dis¬ 
tribution  of  energy  radiated  from  the  arc  is  shown  in  Fig.  16.  It  can 
be  seen  that  most  of  the  energy  lies  between  0.3  and  1.1  microns  with 
several  peaks  in  the  near  infrared  between  0.8  and  1.0  microns. 

Ba9treas  [ 11 ]  has  studied  the  effect  of  spectral  distribution  on  pro¬ 
pellant  ignition  and  found  no  noticeable  effect,  which  suggests  that 
photochemical  processes  are  not  important  in  composite  propellant 
ignition. 
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FIGURE  14.  OVERALL  VIEW  OF  ARC  IMAGE  FURNACE  FACILITY. 
THE  SECONDARY  MIRROk  AND  IGNITION  BOMB  CAN  BE  SEEN  AT 
RIGHT.  THE  .LAMPHOUSE  IS  SHOWN  AT  LEFT  WITH  THE  SHUTTER 
MECHANISM  IN  THE  CENTER. 
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FIGURE  15.  INTERIOR  VIEW  OF  LAMPHOUSE  SHOWING  THE  XENON 
LAMP,  PRIMARY  AND  AUXILIARY  MIRRORS,  AND  MIRROR  POSITION 
CONTROLS. 
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The  are  power  supply  is  of  the  selenium  rectified  d-c  type 
utilizing  three-phase,  full-wave  bridge  rectifiers.  The  output  current 
is  controlled  remotely  at  the  furnace.  Lamp  current  ripple  is  limited 
to  approximately  3  percent.  The  output  is  not  regulated  and  laboratory 
line  voltage  fluctuations  are  readily  noted  on  the  arc  current  meter. 
Figure  17  shows  the  variation  of  measured  flux  density  as  a  function  of 
lamp  current.  The  lamp  current  meter  is  carefully  monitored  visually 
during  each  ignition  run  and  if  the  current  is  observed  to  fluctuate 
by  more  than  +1  amp  the  fun  is  rejected.  Within  the  limitations  imposed 
by  reading  the  meter,  flux  variations  during  any  one  run  are  thus 
limited  to  approximately  +2  cal/cm2  sec. 

Although  the  source  has  proven  to  be  extremely  stable  and  repro¬ 
ducible,  there  are  two  other  factors^  that  can  Influence  reproducibility. 
First,  the  elliptical  mirror  system  has  an  effective  speed  of  approxi¬ 
mately  f/.3  and  small  variations  in  the  relative  location  of  sample  to 
second  mirror  can  cause  significant  variation  of  the  flux  Intensity  at 
the  sample.  Second,  it  has  been  noted  that  following  initial  arc 
strike  «  definite  warm-up  time  is  required  for  the  lamp  to  reach  steady 
state  operation  and  for  the  primary  and  auxiliary  mirrors  to  reach 
thermal  equilibrium  (which  produces  an  optical  distortion  compared  to 
"cold"  mirrors).  Figure  18  shows  the  variation  in  measured  flux  den¬ 
sity  as  a  function  of  time  following  initial  striking  of  the  arc.  The 
first  of  these  problems  is  minimized  by  using  a  very  rigid  test 
chamber,  mechanical  positioner  and  second  mirror  mount.  The  problem  of 
flux  variation  due  to  thermal  expansion  and  warm-up  is  circumvented  by 
allowing  sufficient  time  (at  least  5  minutes)  to  elapse  after  striking 


Measured 


Lamp  Current  -  amps 


FIGURE  17,  VARIATION  OF  THE  MEASURED  FLUX  DENSITY  VS 
LAMP  CURRENT.  MEASUREMENTS  WERE  MADE  INSIDE  THE  ICNI 
TION  BOMB  AT  A  SPATIAL  LOCATION  CORRESPONDING  TO  THE 
CENTER  OF  THE  EXPOSED  PROPELLANT  SAMPLE. 
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FIGURE.  18.  INITIAL  WARM-UP  CHARACTERISTICS  OF  THE  OSRAM  2500 
WATT  XENON  LAMP  AND  ASSOCIATED  OPTICAL  COMPONENTS. 

the  arc.  Normally,  to  conserve  time  cnce  the  arc  la  struck,  the  lamp 
la  run  continuously  for  the  entire  test  period  (up  to  4  hours) . 

IGNITION  CHAMBER  AND  SAMPLE  HOLDER 

The  Ignition  chamber  used  In  these  studies  is  shown  In  Fig.  19a. 
This  chamber  consists  of  a  stainless  steel  housing  with  a  1/2-inch 
thick  fused  quartz  window  to  allow  transmission  of  the  radiant  energy 
to  the  propellant  sample.  A  0.042-inch  thick  by  2  13/32-inch  square 
disposable  silica  glass  sheet  is  placed  next  to  the  quartz  window  be¬ 
tween  the  window  and  the  sample  to  protect  the  quartz  from  hot  propel¬ 
lant  gases  following  ignition.  The  propellant  sample  is  mounted  1/2 
inch  behind  the  quartz-glass  combination  window  and  flush  with  the  back 
wall  of  a  rectangular  cross-section  environmental  gas  flow  channel. 
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FIGURE  19.  a.  MAIN  BODY  OF  IGNITION  BOMB  SHOWING  THE 
SAMPLE  HOLDER  IN  PLACE  WITH  A  PROPELLANT  SAMPLE  IN  THE 
CENTER'.  ENVIRONMENTAL  GASES  ENTER  AT  THE  BOTTOM  AND 
FLOW  UPWARDS  THROUGH  THE  RECTANGULAR  CHANNEL .  BOMB 
PRESSURE  TAP  AT  LEFT  AND  PHOTODIODE  COAXIAL  CONNECTOR 
AT  RIGHT,  b.  RADIOMETER  FOR  FLUX  MEASUREMENTS  (LEFT) 
AND  SAMPLE  HOLDER  (RIGHT)  ARE  INTERCHANGEABLE  IN  THE 
BOMB. 
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The  environmental  gas  ia  admitted  at  the  bottom  of  the  chamber  and 
after  passing  through  a  set  of  porous  stainless  steel  plates  flows  ver¬ 
tically  upwards  past  the  sample  surface.  A  photodiode  is  aligned 
parallel  with  and  looks  across  the  propellant  surface  to  detect  the 
appearance  of  a  luminous  exothermic  reaction.  The  ignition  chamber  is 
mounted  oh  .a  three  axis  mechanical  positioner  such  that  the  flux  dis¬ 
tribution  can  be  mapped  and  the  specimen  location  can  be  made  coinci¬ 
dent  with  the  maximum  flux  density  location. 

The  sample  holder  ;is  cylindrical  in  shape  and  fits  into  the  back 
of  the  Ignition  chamber  such  that  the  flat  circular  end  that  holds  the 
propellant  sample  is  flush  with  and  forms  part  of  the  environmental  gas 
flow  channel.  A  cylindrical  hole  0.25  inches  in  diameter  and  0.125 
inches  deep,  located  in  the  center  of  the  circular  end  of  the  sample 
holder,  is  used  to  hold  the  propellant  sample.  Flux  density  measure¬ 
ments  are  made  with  a  radiometer  with  the  same  external  dimensions  as 
the  sample  holder  and  with  the  theraal  sensing  area  occupying  the  same 
relative  position  as  the  center  of  the  propellant  sample.  Figure  19b 
shows  the.  general  configuration  of  the  sample  holder  and  radiometer. 

SAMPLE  PREPARATION 

The  preparation  of  the  sample  surface  is  very  important  from  the 
standpoint  of  reproducibility.  Imperfections  on  the  propellant  surface 
resulting  from  the  preparation  procedure  can  lead  to  non-typical  ig¬ 
nition  behavior  by  providing  sites  for  three-dimensional  heat  transfer. 
Sample  surfaces  prepared  by  machining,  cutting  with  a  microtome  and 
cutting  with  a  razor  blade  were  inspected  under  a  stereomicroscope. 

The  machined  surface  appeared  to  be  the  least  desirable  with  more 


60 


NWCTP  4431 


evidence  of  crushed  crystals  and  general  surface  roughness  than  either 
of  the  cut  surfaces.  Neither  of  the  cut  surfaces  seemed  to  be  better 
than  the  other  In  general  appearance.  In  either  case,  it  vas  impossi¬ 
ble  to  obtain  a  microscopically  smooth  surface.  Surface  roughness  is 
estimated  to  be  on  the  order  of  5  or  10  microns. 

Since  the  razor  cut  technique  is  by  far  more  convenient,  it  has 
been  used  throughout  the  testing.  Preparation  of  the  specimen  is 
accomplished  by  firmly  pushing  a  slightly  oversize  propellant  slug  into 
the  specimen  holder  and  slicing  the  excess  propellant  off  with  a  clean, 
sharp  razor  blade.  For  this  operation  the  razor  blade  is  guided  by  the 
flat  front  surface  of  the  specimen  holder.  By  firmly  pushing  the 
sample  into  the  sample  holder  and  slicing  off  the  excess  propellant, 
the  exposed  sample  surface  is  flat  and  lies  in  the  same  plane  as  the 
surface  of  the  sample  holder.  This  type  of  sample  preparation  insures 
that  the  propellant  sample  will  not  receive  radiation  on  a  corner  edge. 
If  a  sample  is  heated  on  a  corner  non-one-dimensional  heating  will 
occur  which  under  some  conditions  could  produce  unrealistic  ignition 
results.  Baer  and  Ry<>n  [9,  61]  have  shown  that  heating  of  a  90°  corner 
will  be  twice  as  fast  for  a  given  flux  as  heating  of  a  one-dimensional 
propellant  surface.  Each  prepared  specimen  is  examined  under  a  stereo¬ 
microscope  to  insure  that  gross  rough  spots  or  propellant  edges  are  not 
present  that  would  tend  to  cause  misleading  ignition  behavior.  Each 
sample  is  prepared  in  this  manner,  ;}*-Bt  prior  to  making  a  test,  to 
insure  a  fresh  propellant  surface,  thereby  eliminating  surface  aging 
effects. 
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RADIATION  FLUX  DENSITY  MEASUREMENT 


The  measurement  of  thermal  radiation  flux  density  in  the  range 
used  in  this  work  (6.5  to  120  cal/cm  sec)  presents  a  problem  since 
standards  for  comparison  and  calibration  are  not  available.  This 
necessitates  the  use  of  a  measuring  instrument  with  an  output  signal 
that  is  proportional  to  the  flux  density  incident  on  its  sensing 
surface.  In  this  general  range  of  flux  densities ,  two  types  of  instru¬ 
ments  have  been  used  successfully:  (1)  absolute  calorimeters  which 
allow  calculation  of  the  flux  density  from  directly  measurable  physical 
quahtitites,  or  (2)  radiometers  which  must  be  calibrated  against  an 
absolute  calorimeter.  Each  of  these  instruments  have  advantages  and 
disadvantages  and  the  use  of  a  particular  type  is  dictated  by  the 
■  application.  The  characteristics  of  arc  image  furnaces  which  influence 
the  choice  of  a  particular  type  of  instrument  will  be  discussed  briefly 
in  the  following  section.  A  fairly  complete  description  of  high  inten¬ 
sity  flux  density  measuring  instruments  is  given  in  Reference  [46]. 

The  radiant  flux  density  varies  in  space  within  the  focal  volume 
in  a  manner  prescribed  by  the  spatial  variation  of  the  radiance  of  the 
arc  source  and  the  distortion  caused  by  the  optics  of  the  system.  The 
flux  distribution  at  the  focal  volume  of  the  arc  image  furnace  is  quite 
steep  with  the  dimensions  of  the  cross-section  that  defines  at  least 
90  percent  of  peak  flux  density  -  being  on  the  order  of  0.050  inches. 
Thus,  one  requirement  of  an  instrument  to  measure  flux  density  is  that 
it  must  have  a  sensing  area  sufficiently  6mall  to  adequately  resolve 
the  space-density  variation.  To  the  extent  that  the  arc  source  is 
unsteady,  the  flux  density  may  vary  with  time.  Therefore,  it  is  highly 
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desirable  to  have  a  flux  measuring  instrument  that  has  a  relatively 
fast  response  time  so  that  some  measure  of  the  time  variation  can  be 
made. 

Generally  speaking,  calorimeters  do  not  fulfill  the  two  require¬ 
ments  of  space  resolution  and  rapid  response  although  the  shielded  slug 
calorimeter  ( 15 ]  can  be  employed  over  a  limited  range  of  flux  density 
with  a  high  degree  of  precision.  A  radiometer  suitable  for  measuring 
the  flux  density  distribution  near  the  focal  point  of  an  arc  image 
furnace  with  both  adequate  space  and  time  resolution  has  been  devised 
by  Gardon  [27]  and  is  available  commercially  from  Hy-Cal  Engineering, 
Santa  Fe  Springs,  California.  Basically,  the  radiometer  consists  of  a 
thin  metal  foil  disk  supported  around  its  periphery  by  a  large,  high 
thermal  diffusivity  metal  heat  sink  (usually  water  cooled) .  Attached 
to  the  center  of  the  back  side  of  the  thin  foil  disk  is  a  fine  wire 
which  forms  a  thermocouple  junction  at  the  point  of  attachment  to  the 
foil.  The  radiometer  is  thus  a  differential  thermocouple  circuit  which 
measures  the  temperature  gradient  between  the  center  and  edge  of  the 
foil.  For  a  uniform  flux  density  the  temperature  gradient  from  the 
center  to  the  edge  of  the  foil,  and  hence  the  differential  thermocouple 
output  signal,  is  directly  proportional  to  the  flux  density. 

Flux  measurements  in  the  present  work  were  made  with  a  Hy-Cal 
radiometer  model  C-1301-A-300.  This  instrument  was  supplied  with  a 
continuous  point  calibration  in  the  range  of  0  to  300  BTU/ft2  sec 
(80  cal/cm2  sec) .  The  accuracy  is  guaranteed  to  +2  percent  and  the 
repeatability  to  +  0.5  percent.  The  calibration  supplied  with  the 
instrument  was  linear  and  the  slope  of  the  calibration  curve  was  used 
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to  obtain  a  aensicivlty  of  the  instrument.  The  original  calibration 
of  the  instrument  was  in  terms  of  absorbed  flux  density.  In  order  to 
obtain  incident  flux  density  values  it  is  necessary  to  know  the  value 
of  the  absorbtivity  of  the  receiver  surface  coating.  A  value  of  0.89 
was  supplied  by  the  manufacturer  for  their  "special"  high  emissivity 
graphite  coating.  This  coating  was  observed  to  deteriorate  after 
several  exposures  to  flux  densities  in  the  neighborhood  of  100  cal/cm2 
sec  and  lc  was  felt  that  it  would  be  necessary  to  find  a  commercially 
available  coating  material  which  could  be  easily  replaced  at  the  first 
sign  of  deterioration.  A  product  with  the  trade  name  "black  velvet" 
manufactured  by  the  Minnesota  Mining  and  Manufacturing  Company  has  been 
found  to  be  entirely  satisfactory.  An  experimental  comparison  "black 
velvet"  with  the  original  graphite  coating  indicated  an  absorption  of 
0.95  for  the  3M  material.  This  coating  has  been  used  throughout  the 
present  work. 

Using  the  value  of  0.95  for  the  absorbtivity  of  the  surface 
coating  the  radiometer  sensitivity  for  incident  flux  density  was  calcu¬ 
lated  to  be  8.39  cal/cm2  sec  per  mv.  Even  though  the  instrument  was 
only  calibrated  to  a  value  of  about  80  cal/cm2  sec  it  was  assumed  that 
the  calculated  sensitivity  would  be  valid  up  to  the  maximum  flux 
density  of  120  cal/cm2  sec  used  in  this  work.  Since  the  temperature 
distribution  of  the  thin  foil  is  primarily  due  to  conductive  coupling 
to  the  heat  sink,  this  would  seem  to  be  a  valid  assumption.  Figure  22 
shows  that  an  extrapolation  of  the  flux  values  in  the  range  covered  by 
the  calibration  supplied  with  the  instrument  are  valid  at  least  to 
1.0  cal/cm2  sec.  A  comparison  of  the  radiometer  with  a  shielded  slug 
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calorimeter  similar  to  the  one  described  by  Beyer,  Evans  and  McCuiley 
[15]  also  showed  the  radiometer  output-incident  flux  density  relation¬ 
ship  to  be  the  same  as  Fig.  22. 

The  sensing  area  of  this  model  radiometer  is  0.9  mm  diameter 
with  a  response  time  on  the  order  of  100  milliseconds.  The  output 
voltage  at  maximum  flux  density  was  14.3  millivolts.  This  signal  was 
recorded  on  a  Mosley  Autograph  X-Y  recorder,  Model  2DR,  with  an  inpu^ 
resistance  of  2  x  10s  ohms  per  volt.  The  accuracy  of  the  recorder  is 
reported  to  be  better  than  0.20  percent  of  full  scale  with  repeata¬ 
bility  better  than  0.1  percent  of  full  scale. 

FLUX  'ENSITY  DISTRIBUTION 

The  spatial  distribution  of  the  flux  density  was  mapped  inside 
the  ignition  bomb  with  the  water-cooled  radiometer  described  above. 

The  radiometer,  shown  in  Fig.  19b  with  the  sample  holder,  is  mounted  in 
a  fixture  of  identical  geometry  as  the  sample  holder  such  that  the 
sensing  area  of  the  radiometer  will  occupy  the  same  spatial  position 
in  the  bomb  as  does  the  center  of  the  propellant  sample.  Figure  20 
shows  the  flux  density  profile  that  was  measured  with  the  bomb  fully 
assembled.  The  sample  surface  then  receives  a  flux  density  constant 
to  +5  percent  over  an  elliptical  shaped  area  roughly  1.0  mm  by  1.8  mm. 

FLUX  ATTENUATION 

The  arc  source  is  operated  at  a  constant  current  level  and 
energy  output  with  the  flux  level  at  the  sample  being  varied  by  mechan¬ 
ical  attenuation  of  the  energy  beam.  The  attenuation  is  accomplished 
by  placing  various  combinations  of  metal  mesh  screens  at  a  predetermined 
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FIGURE  20,  FLUX  DENSITY  DISTRIBUTION  AT  THE  FOCAL  POINT 
OF  THE  SECONDARY  MIRROR.  OSRAM  2,500  WATT  XENON  LAMP 
OPERATING  AT  A  CONSTANT  CURRENT  OF  80  AMPS  USED  AS  THE 
SOURCE. 
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location  in  the  diverging  portion  of  the  beam.  The  various  mesh  com¬ 
binations  are  calibrated  at  a  position  well  away  from  any  of  the  opti¬ 
cal  focal  points  (approximately  midway  between  the  shutter  position  and 
the  secondary  mirror)  to  avoid  imaging  of  the  mesh  pattern  on  the 
sample.  A  special  attenuating  screen  location  fixture  is  permanently 
fixed  to  the  furnace  table  to  insure  proper  relocation  of  the  screens 
at  their  respective  calibration  positions.  Figure  21  shows  one  of  the 
screens  in  position.  A  small  blower  is  used  to  direct  a  gentle  air 
flow  through  the  screens  during  exposure  (see  Fig.  27).  Figure  22 
shows  the  flux  attenuation  for  different  screen  combinations  used  in 
this  work. 

IGNITION  DETECTION 

The  detection  of  self-luminosity  from  exothermic  reactions  at  or 
near  the  propellant  sample  surface  is  accomplished  with  a  germanium 
photodiode,  type  PHG-2,  supplied  by  Nucleonic  Products  Company,  Inc., 
Los  Angeles,  California.  The  relative  spectral  response  of  this  photo¬ 
diode  is  shown  in  Fig.  23.  The  optical  axis  of  the  photodiode  is 
aligned  parallel  with  and  approximately  1/16  inch  above  the  sample  sur¬ 
face  and  look  across  the  center  of  the  sample.  A  sketch  of  the  cross 
section  of  the  flow  channel,  propellant  sample  and  photodiode  is  shown 
in  Fig.  24.  The  photodiode  "sees"  the  propellant  surface  at  a  low 
grazing  angle  and  approximately  0.15"  gas  phase  immediately  above  the 
sample  surface. 

The  output  signal  of  the  photodiode  is  fed  into  a  Ken  Tel  Model 
114C  floating  differential  dc  amplifier  operating  at  a  gain  of  50.  The 
output  signal  from  the  amplifier  is  fed  into  a  type  3A1  dual  trace 
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FIGURE  21.  VIEW  OF  HIGH  SPEED  SHUTTER  AND  SECONDARY  MIRROR 
WITH  FLUX  DENSITY  ATTENUATING  SCREEN  IN  POSITION. 
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Number  of  Attenuating  Screens 


FIGURE  22.  MEASURED  rLUX  DENSITY  AS  A  FUNCTION  OF  THE 
NUMBER  OF  LAYERS  OF  WIRE  MESH  SCREEN  PLACED  IN  THE  ENERGY 
BEAM.  LAMP  CURRENT  CONSTANT  AT  80  AMPS. 


Relative  Spectral  Response 


THE  LOCATION  AND  LOOK  ANGLE  FOR  PHOTODIODE 


NWCTP  4431 


amplifier  in  a  564  Tektronix  storage  oscilloscope.  The  entire  6ignal 
is  floated  above  ground  which  has  proven  to  be  effective  in  preventing 
pick-up  of  60  cycle  hum  and  other  spurious  signals. 

In  addition  to  sensing  the  self-luminosity  of  the  reactions  at 
or  near  the  surface  of  the  sample,  the  photodiode  also  detects 
scattered  radiation  from  the  sample  holder  surface  and  the  opposite 
wall  of  the  flow  channel.  This  scattered  radiation  is  used  to  indicate 
the  opening  of  the  shutter  and  hence  the  beginning  of  exposure  time. 

The  oscilloscope  trace  is  triggered  by  a  45  vdc  pulse  from  a  micro¬ 
switch  mounted  on  the  shutter  frame  such  that  the  switch  is  activated 
just  prior  to  the  first  perceptible  shutter  opening.  Figure  25  shows 
examples  of  ignition  traces  obtained  in  the  present  work. 

The  scattered  radiation  also  acted  as  a  disadvantage  under  the 
general  conditions  of  low  pressure  and  high  flux  when  tests  vrere  run 
using  inert  gases.  Here,  the  signal  from  luminous  products  is  weak 
(relative  to  high  pressure  self-luminosity)  due  to  the  lower  concen¬ 
tration.  The  scattered  background  radiation  under  these  conditions  is 
strong  and  may  in  fact  simply  overwhelm  the  weak  self-luminosity  signal. 
Under  these  conditions,  it  is  usually  possible  to  observe  a  radiation 
signal  of  a  strength  comparable  to  steady  state  value,  but  it  is  not 
possible  to  judge  with  any  accuracy  a  precipitous  onset  of  self¬ 
luminosity.  In  the  present  work  when  either  air  or  oxygen  was  used 
as  the  environmental  gas  the  sudden  onset  of  self-luminosity  was  easily 
detectable. 

Tha  possibility  that  a  misinterpretation  of  the  radiation  trace 
might  result  from  a  sudden  increase  in  scattered  radiation  from  the 
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FIGURE  25.  IGNITION  TRACES  FOR  A-87  PROPELLANT  UNDER  DIFFERENT 
ENVIRONMENTAL  CONDITIONS.  LAMP  CURRENT  CONSTANT  AT  77  AMPS,  OS¬ 
CILLOSCOPE  SENSITIVITY  0.01  V/CM,  NO  AUXILIARY  AMPLIFIER  USED. 

(a)  IGNITION  IN  15  PSIA  AIR,  6.12  CAL/CM2  SEC,  SWEEP  0.2  SEC/CM. 

(b)  IGNITION  IN  100  PSIA  AIR,  114  CAL/CM2  SEC,  SWEEP  0.005  SEC/CM. 

(c)  IGNITION  IN  15  PSIA  HELIUM,  6.12  CAL/CM2  SEC,  SWEEP  0.5  SEC/CM. 

(d)  IGNITION  IN  100  PSIA  OXYGEN,  114  CAL/CM2  SEC,  SWEEP  0.005  SEC/CM. 
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c.  Ignition  in  15  psia  He. 
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pyrolysis  produces  of  the  propellant  appearing  in  the  gas  phase  as 
small  particles  or  condensed  droplets  cannot  be  ignored.  This  was 
examined  experimentally  by  running  a  "dummy"  inert  propellant  in  a 
nitrogen  atmosphere  and  observing  the  level  of  scattered  radiation  due 
to  decomposition  products  in  the  gas  phase  immediately  above  the  pro¬ 
pellant  sample.  A  typical  trace  of  this  "inert  radiation"  is  shown  in 
Fig.  26b.  A  comparison  of  the  level  of  radiation  sensed  by  the  photo¬ 
diode  in  the  inert  case  to  the  much  higher  level  in  the  case  of  known 
ignition  (the  sample  consumed  itself)  indicates  that  we  are  measuring 
the  exposure  time  necessary  to  initiate  strong  exothermic  reactions  of 
a  level  that  is  of  the  order  of  magnitude  associated  with  radiation 
from  the  propellant  burning  under  steady  6tate  conditions.  A  compari¬ 
son  of  the  dummy  propellant  trace  in  nitrogen  to  the  dummy  propellant 
in  oxygen  is  shown  in  Fig.  26. 

SAMPLE  EXPOSURE  TIME 

Ideally,  the  flux-time  profile  at  the  sample  surface  should  be 
an  instantaneous  step  function  which  would  provide  an  unambiguous  time 
base  for  the  beginning  of  exposure  time.  It  is  not,  of  course,  possi¬ 
ble  to  achieve  this  in  practice.  In  fact,  only  with  some  difficulty 
is  it  possible  to  realize  90  t(  95  percent  efficiency  at  the  shortest 
exposure  times.  Since  it  is  not  possible  to  modulate  the  intensity  of 
the  source  it  is  necessary  to  devise  some  type  of  mechanical  shutter¬ 
ing.  Here,  the  6mall  cross-sectional  area  of  the  energy  beam  at  the 
crossover  point  is  utilized  to  good  advantage.  The  small  area  offers 
the  advantage  of  maximum  operating  speed  without  presenting  insur¬ 
mountable  mechanical  problems. 
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FIGURE  26.  IGNITION  AND  PYROLYSIS  FOR  THE  INERT  DUMMY  PROPELLANT, 
(a)  DUMMY  PROPELLANT  IGNITION  IN  100  PSIA  OXYGEN  AT  6.45  CAL/CM2 
SEC.  SWEEP  0.5  SEC/CM,  AMPLIFIER  GAIN  OF  50,  OSCILLOSCOPE  SENSI¬ 
TIVITY  0.1  V/CM.  (b)  DUMMY  PROPELLANT  PYROLYSIS  IN  15  PSIA  NITRO¬ 
GEN  AT  9.8  CAL/CM  SEC.  SWEEP  0.2  SEC/CM,  AMPLIFIER  GAIN  OF  50, 
OSCILLOSCOPE  SENSITIVITY  0.2  V/CM. 
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a.  Dummy  Propellant  Ignition 
in  100  psia  0_. 
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The  rapid  exposure  of  the  sample  Co  the  incident  flux  is  con¬ 
trolled  by  a  modified  aerial  camera  shutter  located  at  the  crossover 
point.  The  shutter  has  a  3.5-inch  diameter  aperature  with  five  iris- 
type  stainless  steel  leaves.  The  original  timing  and  actuation  mechan¬ 
isms  have  been  replaced  with  a  solid  state  electronic  timer  and  switch 
to  actuate  a  dc  electric  solenoid  which  releases  a  sear-catch  allowing 
a  powerful  spring  to  open  the  shutter  rapidly.  A  second  identical 
shutter  mechanism  is  mounted  immediately  behind  the  first  shutter  for 
an  equally  rapid  termination  of  the  exposure.  The  two-shutter  system 
allows  experiments  to  be  run  with  precisely  timed  energy  pulses.  Such 
"controlled  exposure  time"  experiments  have  not  been  made  in  the 
present  investigation  but  are  planned  as  a  natural  extension  of  this 
work.  The  thin  leaves  of  the  main  shutter  are  protected  from  the  rela¬ 
tively  intense  flux  density  at  the  crossover  point  by  a  0.0625- inch 
thick  stainless  steel  capping  shutter  that  opens  approximately  200 
milliseconds  before  the  main  shutter  opens.  A  heavy  aluminum  dowser 
on  the  lamp  housing  protects  the  entire  shutter  assembly  during  the 
time  between  tests.  A  raicroowitch  mounted  on  the  lamp  house  is  actu¬ 
ated  when  the  protective  dowser  is  fully  opened.  This  microswitch 
activates  the  electronic  timer  which  opens  the  pneumatically  powered 
capping  shutter,  rapidly  followed  by  the  main  shutter.  The  shutter 
assembly  is  shown  in  Fig.  27. 

The  time  required  for  the  main  shutter  to  fully  open  is  approx¬ 
imately  2  milliseconds.  The  maximum  flux  density,  however,  was  found 
to  occur  in  approximately  1  millisecond  from  the  start  of  opening  over 
a  diameter  of  0.030  inches.  This  is  a  spot  size  somewhat  smaller  than 
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FIGURE  27.  REAR  VIEW  OF  HIGH  SPEED  SHUTTER  WITH  THE  FIVE-BLADED 
SHUTTER  MECHANISM  SHOWN  IN  THE  OPEN  POSITION.  THE  DC-SOLENOID- 
SEAR  COMBINATION  USED  TO  ACTUATE  THE  SHUTTER  MECHANISM  CAN  BE  SEEN 
ABOVE  THE  OPEN  SHUTTER.  BLOWER  IN  THE  RIGHT  FOREGROUND  IS  FOR 
COOLING  ATTENUATION  SCREENS.  TEST  GAS  FLOW  METERS  ARE  SEEN  MOUNTED 
ON  THE  SHUTTER  FRAME  SIDE. 
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the  final  area  defining  the  +5  percent  of  maximum  flux.  The  maximum 
•  flux  density  is  formed  at  the  sample  surface  before  the  energy  beam 
is  fully  traversed  by  the  shutter  blades  because  the  shutter  is  located 
at  a  focal  plane.  This  is  advantageous  from  the  experimental  stand¬ 
point  and  the  beginning  of  exposure  time  is  taken  as  1  millisecond  from 
the  initial  shutter  opening  trace.  . 

SAMPLE  COMPOSITION  AND  PREPARATION 

The  propellant  selected  for  use  in  the  present  work  is  a  typical 
composite  propellant  designated  as  A-87  in  the  Aerothermochemistry 
Division's  experimental  propellant  series.  A-87  is  composed  of  75 
percent  "as  received"  ammonium  perchlorate,  .23.5  percent  PBAN  (poly¬ 
butadiene  acrylic  acid  acrylonitrile  terpolymer) ,  1.0  percent  copper 
chromite  (Harshaw  Chemical  Cu  0202),  and  0.5  percent  carbon  black. 

The  ammonium  perchlorate  particle  size  distribution  is  shown  in  Fig.  28. 
The  carbon  black  is  a  very  fine  powder  with  the  particle  size  being 
sub-micron.  The  copper  chromite  has  a  nominal  particle  size  of  A 
microns.  The  propellant  ingredients  were  thoroughly  mixed  in  a  15 
pound  batch  in  a  vacuum  and  cured  at  180°F  for  four  days.  The  cured 
propellant  was  machined  into  8-inch  long  sticks  with  a  1-inch  square 
cross-section.  These  sticks  were  subsequently  sliced  in  0.25-inch 
thick  sections  from  which  the  cylindrical  slugs  were  cut. 

A  dummy  "inert"  propellant  was  also  formulated  by  replacing  the 
ammonium  perchlorate  with  an  equal  volumetric  loading  of  50  micron 
glass  beads.  The  other  constituents  remained  in  the  6ame  proportion. 
This  inert  mix  was  formulated  and  mixed  by  hand  and  cured  in  a  small 
vacuum  oven.  The  cured  batch  contained  numerous  bubbles  with  the 
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FIGURE  28.  PARTICLE  SIZE  DISTRIBUTION 
FOR  "AS  RECEIVED"  AMMONIUM  PERCHLORATE. 


result  that  only  a  small  portion  could  be  used.  Attempts  were  made  to 
use  only  sections  that  were  free  of  bubbles. 

Pressed  pellets  were  formulated  with  98  percent  ammonium  per¬ 
chlorate,  1.3  percent  copper  chromite  and  0.7  percent  carbon  black. 
These  percentages  represent  the  same  weight  ratios  as  the  same  ingre¬ 
dients  in  the  propellant.  The  pellets  were  pressed  at  40,000  psi  and 
fit  precisely  in  the  sample  holder. 

ENVIRONMENTAL  GAS  SUPPLY  AND  FLOW  METERING 

With  the  exception  of  air  all  environmental  gases  used  in  the 
present  work  were  supplied  as  bottled  gases  from  the  Matheson  Company, 
Incorporated.  Each  bottle  was  mounted  on  a  wall  rack  and  equipped  with 
a  hand  loaded  regulator  set  for  150  psia.  Figure  29  shows  the  gas 
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FIGURE  29.  BOTTLED  GAS  STORAGE  AREA. 
NITROGEN  BOTTLE  AT  LEFT  IS  USED  TO 
PURGE  THE  IGNITION  BOMB  WHEN  NOXIOUS 
GASES  ARE  USED. 
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supply  area  with  several  bottles  in  the  rack.  The  air  was  supplied  dry 
and  filtered  from  the  laboratory  high  pressure  air  facility.  Each  of 
the  gas  re^u^uors  was  connected  to  a  common  gas  supply  line  with  the 
use  of  appropriate  valving.  The  gas  flow  was  metered  before  entering 
the  bottom  of  the  ignition  bomb  by  a  standard  number  5  Rodger  Gilmont 
rotameter.  The  meter  reading  was  held  constant  for  all  runa.  The 
velocity  past  the  sample  surface  then  varied  inversely  with  the  square 
root  pf  bomb  pressure.  Flow  velocities  varied  from  1  to  12  ft/sec 
(see  Appendix  B). 

The  pressure  in  the  bomb  was  varied  with  a  hand  valve  in  the 
downstream  exhaust  line.  Bomb  pressure  was  monitored  on  a  0  to  300  psi 
Heise  gauge.  The  flowmeter  reading  was  maintained  constant  while  vary¬ 
ing  the  bomb  pressure  by  controlling  the  flow  rate  with  a  hand  valve 
located  in  the  common  gas  supply  line  just  upstream  of  the  flowmeter. 
The  bottled  gas  was  conserved  by  using  a  fast  action  toggle  valve  in 
the  common  gas  line.  Once  the  flow  rate  and  pressure  was  set  by  using 
the  control  valves,  it  was  found  convenient  to  use  the  toggle  valve  for 
turning  the  flow  on  and  off  Just  before  and  just  after  the  particular 
test.  Figure  30  is  a  sketch  of  the  environmental  gas  flow  system. 


87 


NWC  TP  4431 


APPENDIX  B 

CHAMBER  FLOW  VELOCITIES 


The  flow  of  environmental  gases  into  the  ignition  bomb  was  moni¬ 
tored  by  a  No.  5  spherical  float  rotameter  from  the  Rodger  Gilmont 
Instruments,  Inc.  The  generalized  flow  rate  equation  supplied  with  the 
meter  is 


59.8  CR  R 


(1) 


*  . 
with  Q  in  cc/min,  CR  a  dimensionless  rotameter  orifice  coefficient,  R 

a  dimensionless  diameter  ratio,  the  float  diameter  in  inches, 

the  float  weight  in  grams,  and  and  p  the  density  gm/cc  of  the  float 

and  fluid  flowing  respectively. 

The  float  density,  p^,,  is  2.53  gm/ml  which  is  much  greater  than 
the  gas  densities,  p,  used  and  we  may  write  with  small  error  (less  than 
0.1  percent) 

^-59-8crr  (ito +  2)  (d£)  (r)  (2) 

A  calibration  chart  was  supplied  with  the  meter  for  standard  air 
and  standard  water.  For  all  runs  in  the  present  work  a  constant  meter 
scale  reading  of  30  was  used.  From  the  calibration  chart  the  value  of 
R  was  found  to  be  9.  B.  is  constant  at  0.5  Inches  and  is  constant 


at  2.715  gm.  Then 
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>* 

Q  -  925  CR  1/p 


(3) 


with  p  in  gm/cc.  .  Runs  were  made  with  air  at  standard  conditions  allow¬ 
ing  C  to  be  calculated  for  those  conditions.  C„  for  standard  air  is 
K  R 

0.89:.  Now  CR  -  f  (R3/p2)  where  p  is  the  absolute  viscosity.  For  our 
conditions  R  and  temperature  are  constant  so 


f!  air  a-Ir 


and  with  p2  in  gm2/cm2  see2,  CR  for  any  gas  is 


3.045  x  10 
cr  " - T2 - 

K  P 


-8 


Then  from  Equation  (3)  volumetric  flow  rates  were  found  for  all  gases 
tested.  By  the  use  of  appropriate  conversion  factors  and  a  knowledge 
of  the  flow  channel  cross-sectional  area,  the  environmental  gas  flow 
velocities  (average)  past  the  sample  surface  were  calculated.  Table  1 
lists  the  calculated  values  at  static  bomb  pressures  used. 


Table  1 


Velocity  -  ft/ 

sec 

Gas 

15  psia 

45  psia 

100  psia 

Air 

3.23 

1.86 

1.25 

Nitrogen 

3.68 

2.12 

1.43 

Oxygen 

2.58 

1.49 

1.0 

Methane 

12.6 

6.7 

4.9 

Helium 

7.9 

4.55 

3.06 
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APPENDIX  C 

SURFACE  HEAT  TRANSFER  COEFFICIENTS 

In  order  Co  calculate  surface  heat  transfer  coefficients  it  is 
necessary  to  assume  a  flow  model  configuration.  The  flow  channel  is 
rectangular  in  cross  section,  1.25  inches  wide  and  0.5  inches  deep. 
Before  entering  the  channel  the  gas  passes  through  two  porous  stainless 
steel  plates  to  distribute  the  flow  evenly  over  the  cross-section.  The 
sample  surface  ie  located  1.25  inches  from  the  last  porous  plate. 

It  was  assumed  that  a  reasonable  model  would  be  flow  over  a  flat 
plate.  Accordingly,  the  Reynolds  number,  Re,  was  checked  to  determine 
the  flow  region,  i.e.,  laminar  or  turbulent.  The  transition  was  as¬ 
sumed  to  occur  at  Re  £  5  x  105.  Under  the  present  test  conditions  all 
flow  was  laminar  with  Re  ranging  from  8.35  x  102  for  helium  at  15  psia 
to  2.32  x  10**  for  methane  at  100  psia.  The  characteristic  length  was 
taken  to  be  1.25  inches,  the  distance  from  the  last  porous  plate  to  the 
sample  location. 

With  flow  in  the  laminar  region  the  heat  transfer  coefficients 
were  calculated  from  the  following  relationship  [A3]: 

h  -  0.332  —  Re51  Pr^ 

CX  X 

The  calculated  values  are  tabulated  in  Table  2. 
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Table  2.  Calculated  Heat  Transfer  Coefficients 


Gas 

Pressure 

psla 

h 

cx 

BTU/hr  f t2oF 

h 

cx 

cal/cm2  sec°C 

15 

1.69 

2.3  x  10~4 

Air 

45 

2.36 

3.21 

100 

2.72 

3.7 

15 

1.85 

2.52 

Nitrogen 

45 

2.42 

3.3 

100 

2.97 

4.05 

15 

1.57 

2.13 

Oxygen 

45 

2.04 

2.77 

100 

2.52 

3.42 

15 

4.3 

5.85 

Methane 

45 

5.45 

7.4 

100 

6.85 

9.3 

15 

5.7 

7.75 

Heliua 

45 

7.5 

10.2 

100 

8.9 

12.1 
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Table  4.  Ignition  Data  of  Dummy 
Propellant  in  Oxygen  at  100  paia 


U 

Time  in  Seconds  and  (Seconds)^ 


• 

Flux  Density,  q; 
cal/cm2  sec 

Time 

*  t 

i 

Sq  Rt  Time 

+0.38 

+0.142 

6.45 

1.62 

1.273 

-0.39 

-0.163 

+0.20 

+0;114 

9.8 

0.697 

0.835 

-0.132 

-0.075 

+0.079 

+0.066 

15.0 

0.312 

0.559 

-0.047 

-0.044 

+0.035 

+0.042 

22.5 

0.165 

0.406 

-0.024 

-0.030 

+0.012 

+0.022 

34.5 

0.072 

0.268 

-0.012 

-0.023 

+0.004 

+0.009 

52.5 

0.042 

0.206 

-0.007 

-0.018 

+0.007 

+0.023 

80.0 

0.019 

0.138 

-0.005 

-0.020 

+0.0003 

+0.001 

120.0 

0.0127 

0.113 

-0.0022 

-0f011 
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Table  5.  Ignition  Data  of  Pressed 
Pellets  In  Methane  at  45  psla 


Time  In  Seconds  and  (Seconds) 


>5 


• 

Flux  Density,  q, 
cal/cm2  sec 

Time 

C1 

Sq  Rt  Time 

6.45 

1.78 

1.334 

1.88 

1.370 

1.70 

1.304 

1.55 

1.245 

1.68 

1.296 

1.65 

1.284 

9.8 

0.935 

0.997 

0.805 

0.989 

0.760 

0.97 

15.0 

0.410 

0.640 

0.395 

0.628 

0.445 

0.668 

22.5 

0.200 

0.447 

0.200 

0.447 

0.200 

0.447 

34.5 

0.088 

0.297 

0.115 

0.349 

0.123 

0.350 

52.5 

0.055 

0.235 

0.045 

0.212 

0.051 

0.226 
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